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1. Introduction 

 

The most popular technique for investigating the functional organization and plasticity of 

the cortex involves the use of a single microelectrode.  It offers the advantage of recording action 

potentials and subthreshold activity directly from cortical neurons with high spatial (point) and 

temporal (msec) resolution sufficient to follow real-time changes in neuronal activity at any 

location along a volume of cortex, with the disadvantage that recordings are invasive to the 

cortex.  In order to assess the functional representation of a sensory organ (e.g., a finger, a 

whisker), neurons are recorded from different cortical locations and the functional representation 

of the organ is then defined as the cortical region containing neurons responsive to stimulation of 

that organ (i.e., neurons that have receptive fields localized at the sensory organ).  A change in 

the spatial distribution of neurons responsive to a given sensory organ and/or in their amplitude 

of response is typically taken as evidence for plasticity in the functional representation of that 

sensory organ (Merzenich et al., 1984).  As a cortical functional representation could be 

comprised of thousands to millions of neurons distributed over a volume of cortex, the use of a 

single microelectrode to map a functional representation and its plasticity requires many 

recordings across a large cortical region, recordings that can only be obtained in a serial fashion 

and require many hours to complete, thus the animal is typically anesthetized.  Because the 

number of recordings will be limited due to cortical tissue damage incurred during the 

experiment and time constraints, the characterization of a functional representation is dependent 

on the extrapolation between recording locations.  Also, because of its invasiveness, this 

technique is not ideal for the assessment of the same functional representation before and after a 

manipulation within the same animal.  The recent development of simultaneous recordings from 

a chronically implanted array of microelectrodes (see review (Nicolelis and Ribeiro, 2002)) 

provides relief to some of the challenges described above, and has great promise for its potential 

for long-term recordings from the same animal, although recordings still damage the cortical 

tissue, the sample size is still small, and extrapolation is still needed between recording locations.  

Therefore, for better understanding of large-scale cortical functional organization and its 

plasticity, microelectrode arrays are still limited in fulfilling the need for visualizing mass-action 

of millions of neurons at different points in time before, during and after an experimental 

manipulation. 

 The ability to visualize the functional organization of the living brain, especially the 

cortex, has been a long-held dream of neuroscientists as eloquently expressed by Sherrington‟s 

„enchanted loom‟ metaphor.  The realization of this hope is now manifested in several functional 

imaging methods, each with its own advantages and limitations.  Ideally, a functional imaging 

technique should have the ability to sample: 1) neuronal spiking activity; 2) non-invasively; 3) 

simultaneously from large cortical regions; 4) with high, three-dimensional spatial resolution; 5) 

and high temporal resolution; 6) in the awake animal; 7) without the use of extrinsic contrast 

agents, or dyes.  This ideal technique would enable the direct, non-invasive (hence, long-term 

and non-damaging) assessment of a cortical functional representation (comprised of many 

neurons collectively occupying a volume of cortex) with sufficient spatial and temporal 

resolution to track real-time changes in the functional representation in the awake, behaving 

animal.  In recent years, there has been a growing interest also in studying evoked subthreshold 

activity and therefore the ability to record subthreshold activation should also be added to the 

above list of abilities. Unfortunately, such an ideal imaging technique does not exist yet but each 
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of the most widely used current techniques for studying cortical functional organization and 

plasticity offers a particular subset of the above-described advantages. 

This chapter is devoted to intrinsic signal optical imaging (ISOI), a functional imaging 

technique that has revolutionized our understanding of cortical functional organization and its 

plasticity since it was launched more than 20 years ago (Grinvald et al., 1986; Frostig et al., 

1990; Ts'o et al., 1990). ISOI lacks the ability to directly measure neuronal activity (spiking or 

subthreshold) and track data in millisecond temporal resolution, but is capable of visualizing 

functional representations via the simultaneous sampling of a large cortical region with high 

spatial resolution.  In this chapter we will concentrate on ISOI as a cortical activity mapping 

technique and the many examples of its applications that originate from functional imaging of rat 

barrel cortex, the largest subdivision of primary somatosensory cortex dedicated to processing 

input from the large facial whiskers. We find the combined use of ISOI with rat barrel cortex 

particularly appealing because: a) this animal model offers many advantages for the study of 

cortical functional organization and its plasticity; b) it can be non-invasive to the cortical tissue – 

by imaging through the skull – and thus offers the opportunity to image chronically from the 

same animal; and c) it is capable of visualizing functional representations in real time (albeit 

providing only an aerial, i.e. two-dimensional, view of functional representations).  

 

 

2. Background and Theory 

 

2.1 Principles of cortical functional organization: A brief introduction. 

 

Because the target of most ISOI investigations (including ours) is the cerebral cortex, 

there is a need to properly understand what is imaged and how imaging is optimized for cortical 

functional organization.  For a better understanding of the current chapter, we should at least 

briefly mention the following fundamental principles of cerebral cortex functional organization: 

(1) A gross parcellation of the cortex into modality-specific areas.  Based on histological 

techniques and later on various electrophysiological techniques (e.g., evoked potentials, 

microelectrode recordings), it became clear that different areas of the primary cortex are 

dedicated to different modalities (e.g., visual, auditory, somatosensory, motor, etc.).  (2) Inputs to 

cortex are topographically organized.  Inputs to the different cortical areas are organized in a 

manner that closely follows the spatial organization of the peripheral receptors of their respective 

sensory epithelia, namely the inputs of the retina to the primary visual or area, the cochlea to the 

primary auditory cortex, and the skin to the primary somatosensory cortex.  Accordingly, the 

representations of the sensory inputs in the primary sensory areas together form topologic maps; 

while they may not preserve the exact scale and orientation of their respective sensory 

epithelium, these maps do preserve the relative spatial relationships between peripheral points.  

These mappings are named according to their respective sensory modality followed by the suffix 

“topy”: e.g., retinotopy for vision, tonotopy for hearing, and somatotopy for touch.  It follows 

from this organization principle that using electrophysiological or imaging tools one can „map‟ 

the functional representation of different peripheral organs in the cortex (e.g., the representation 

of a finger, a hand, etc.).  (3) Columnar organization.  Cerebral cortex is a layered structure, 

whose orientation axes are described with the terms horizontal or tangential to indicate the 

direction within a given layer and the term vertical to indicate the perpendicular direction. Cells 

that are stacked together vertically, typically across all cortical layers, are interconnected along 
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the vertical axis of the cortex.  Such connectivity underlies the columnar organization of primary 

cortex, where these interconnected cells share similar response preference to sensory 

stimulations.  Exceptions to these fundamental principles exist for each of the sensory 

modalities; as a general rule, however, the functional organization of the cortex typically exhibits 

parcellation into modality-specific areas, topographical mapping of input to each area, and 

presence of functional columns within each topographical map, properties which can be 

effectively visualized with functional imaging. 

 

 

2.2 Advantages of applying ISOI to the rat barrel cortex  

 

A popular animal model for studying cortical functional organization is the rat barrel 

cortex.  One of the main advantages offered by this animal model is the relative ease in imaging 

cortical activity.  Unlike imaging experiments in cats and monkeys, the surgical preparation for 

imaging in rats is minimally invasive to the animal (Masino et al., 1993) because there is no 

longer a need to: a) control for respiration and heart rate artifacts via paralysis and artificial 

ventilation in addition to the synchronization of data collection to heart and respiration; b) 

remove the skull and dura in order to image cortical activity, therefore leaving the brain intact 

and in optimal condition throughout the experiment; and c) build and affix an elaborate 

„recording chamber‟ to the skull with screws and cement as typically done for imaging in cats 

and monkeys.  Instead, only removal of the scalp and muscle tissue along with thinning of the 

skull with a drill above the imaged area is needed for better light penetration.   In addition, 

because the skull and the dura are left intact, the opportunity is available to repeatedly image the 

same rat over an extended time period (chronic imaging), which can be advantageous for the 

study of cortical plasticity within the same animal.  It is worthwhile to note that, in contrast to 

rats, the imaging of mice somatosensory cortex can be achieved through the intact skull (no 

thinning needed) because it is sufficiently transparent (Prakash et al., 2000). 

The other main advantage is related to the use of rat barrel cortex as an animal model of 

cortical function and plasticity.  The body of literature accumulated thus far on rat barrel cortex 

suggests that this system shares many features with sensory cortex in higher mammals.  These 

include the topographical organization of whisker inputs to the cortex – each whisker has its own 

anatomical representation of aggregate of cells commonly called a „barrel‟ in the contralateral 

barrel cortex, and therefore the matrix-like organization of the large whiskers on the snout is 

mapped in a one-to-one fashion to a matrix of layer IV barrels.  Further, within this 

topographical map, each whisker has its own functional column of cells that respond with the 

shortest latency and strongest amplitude to the stimulation of a whisker.  Therefore, the matrix-

like organization of the large whiskers on the snout is functionally mapped in a one-to-one 

fashion to a matrix-like columnar organization that is in register with their layer IV barrels.  

Findings on these exquisite structural and functional maps of whiskers provide a rich source of 

information from which hypotheses can be formulated about cortical functional organization and 

plasticity (Feldman and Brecht, 2005; Petersen, 2007).  The popularity of the barrel cortex for 

the study of cortical functional organization and plasticity stems in part from the relative ease in 

manipulating the whiskers: a) precise stimulation can be delivered to a specific whisker or a 

specific combination of whiskers; b) sensory deprivation can be easily achieved by trimming 

and/or plucking of whiskers; and c) sensory deprivation can be easily reversed because of 

whisker regrowth following the termination of whisker trimming and/or plucking.  Thus, because 
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of the above-mentioned advantages, the combination of ISOI with rat barrel cortex can be a 

powerful means for investigating adult cortical functional organization and its plasticity. 

 

 

2.3 Intrinsic signals 

 

Utilization of ISOI is based on the finding that when the brain is illuminated neuronal activity 

causes changes in the intensity of the light that is reflected from the brain.  Accordingly, patterns 

of evoked activity can be detected and quantified by measuring reflectance patterns from the 

living brain (Grinvald et al., 1986).  These stimulus-evoked optical changes are referred to as 

intrinsic signals to differentiate them from other optical signals obtained using extrinsic probes 

such as voltage sensitive dyes or calcium indicators.  The intrinsic signals originate from 

activity-dependent changes in several intrinsic brain sources including: oxygen consumption 

affecting hemoglobin saturation level (i.e., oxygenated vs. deoxygenated hemoglobin, or HbO2 

vs. Hbr, respectively); changes in blood volume affecting tissue light absorption; changes in 

blood flow affecting hemoglobin saturation level; and changes in tissue light scattering related to 

physiologic events accompanying neuronal activity such as ion and water movement in and out 

of neurons, changes in the volume of neuronal cell bodies, capillary expansion, and 

neurotransmitter release – several of these sources can be utilized for imaging brain activity (for 

a recent review see (Vanzetta and Grinvald, 2008). 
The above mentioned sources associated with the vascular system are known as 

hemodynamic sources, and their dependence on neuronal activity is referred to as neurovascular 

coupling.  The intrinsic signals captured with ISOI, a hemodynamic-based imaging technique, 

can be exploited in two main ways, each aimed at pursuing different research questions.  First, 

the captured intrinsic signals can be used to map brain activity, and only one wavelength is 

typically required for illumination of the brain. The choice of the illumination wavelength 

depends on which underlying hemodynamic source should dominate the intrinsic signals during 

imaging.  For example, if the chosen illumination wavelength is in the orange, red or near-

infrared part of the spectrum, the map of brain activity obtained with ISOI is based on intrinsic 

signals dominated by stimulus-induced oxymetry (transition between oxy- and deoxy-

hemoglobin), whereas if the chosen wavelength is in the green part of the spectrum, the map of 

brain activity is based on intrinsic signals dominated by stimulus-induced changes in blood 

volume.  When used for mapping purposes, no mathematical models or parameter assumptions 

are needed to analyze the data.  Second, the captured intrinsic signals can be used to separate 

and characterize individual underlying hemodynamic sources of ISOI such as Hbr and HbO2.   

The contribution of each underlying hemodynamic source using spectral imaging techniques is a 

topic of intense research and such research is technically and mathematically more intricate, 

utilizing spectral imaging techniques that rely on sampling brain activation using several 

wavelengths of illumination and mathematical modeling along with parameter assumptions for 

data analysis.  The quantitative description of the spatiotemporal interaction between all these 

sources has become increasingly complex and a general consensus has yet to be reached (for 

review see (Vanzetta and Grinvald, 2008).  Therefore, this chapter provides only some general 

comments about the underlying hemodynamic sources because it focuses on using intrinsic 

signals for mapping purposes (one illumination wavelength, no mathematical modeling), 

mapping that can be successfully achieved independently of whether the exact spatiotemporal 

dynamics of the underlying hemodynamic sources are known. 
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During imaging, the camera is positioned above the cortex and captures an aerial, or two-

dimensional, collection of light reflection from the illuminated cortex; thus, the collected 

imaging data contain the cumulative activity integrated orthogonally to the cortical surface.  

Penetration of light into the cortex depends on the wavelength of the illumination: longer 

wavelengths penetrate deeper into the cortical tissue.  However, the amplitude of intrinsic signals 

is stronger with short wave illumination and gets progressively weaker with longer wave 

illumination.  Therefore red illumination is a good compromise between depth and signal 

amplitude and also due to signal-to-noise considerations.  At present it is still difficult, however, 

to estimate to what extent the red light penetrates in vivo and consequently to what extent do 

different cortical layers, especially the deeper layers, contribute to the collected data.  Due to the 

exponential loss of photons with cortical depth and due to a further exponential loss of photons 

in the return path from cortical depth to the surface, at the very minimum ISOI is inherently 

biased for functional measurements of activity in the upper layers of the cortex, although the 

upper layers of the cortex include large dendritic trees of neurons located in deep cortical layers 

and therefore activity in the upper layers can be influenced or modulated by neurons in deep 

cortical layers.  

It should be noted that in recent years the term intrinsic signals has also been expanded to 

describe new classes of intrinsic signals such as stimulus-evoked fast scattering responses and 

intrinsic auto-fluorescence responses – all of which can also be used for mapping activity in the 

brain.  The description of these signals and their advantages and limitations for mapping 

neuronal activity in the brain are beyond the scope of the present chapter and will not be 

mentioned further; for detailed recent reviews see (Husson and Issa, 2009; Rector et al., 2009; 

Shibuki et al., 2009).   

 

2.4 „Spread‟ vs. „preference‟; „point‟ vs. „large-scale‟ stimulation; „global‟ vs. „mapping‟ signal; 

„specific‟ vs. „non-specific‟ signals – a guide to the perplexed. 

 

Two popular and complementary types of evoked activity are typically imaged when 

characterizing the functional organization of the cortex: spread vs. preference.  Imaging the 

first type of activity, evoked spread, allows us to address a fundamental question about the 

functional organization of the cortex: what is the total cortical region activated by a specific 

stimulus delivery?  In addressing such a question, the imaging of the total cortical spread of 

evoked activity is used and the result is also known as the functional representation of a specific 

stimulus.  Because preference of responses to specific stimulus is typically organized in columns, 

imaging the second type of activity (evoked preference) allows us to address another 

fundamental question: what cortical regions respond preferentially to a given stimulus delivery?  

In addressing this question, the imaging of cortical regions with the preferred evoked activity is 

used to map specific columnar systems.  Besides differing in the research question being 

addressed, the two types of evoked activity that can be imaged also differ in the type of: a) 

stimulus delivery used during data collection; b) imaging signal being exploited; and c) data 

analysis used for visualizing the functional map. 

When mapping the spread of cortical activity, the cortex is imaged in response to 

delivering a single type of stimulus (e.g., set of whiskers as a tactile stimulus, set of pure tones as 

an auditory stimulus, set of visual orientations as a visual stimulus).  Because of the 

topographical nature of cortical organization, the location(s) of peak activity evoked by the 

stimulus delivery will depend on the specific topographical properties for that cortical area (i.e., 
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somatotopy for tactile, tonotopy for auditory, and retinotopy for visual).  The spatial extent of 

activation beyond the peak location(s), along with the peak(s), constitutes the evoked cortical 

activity spread.  An important and popular case of mapping the spread of cortical activity is 

when the stimulus delivery is spatially focused, or in a ‘point’-like fashion, (e.g., single whisker, 

single pure tone, discrete 1° x 1° visual area).  The resultant cortical activity spread following 

point-stimulation is known as the „cortical point-spread’ analogous to the term used in the field 

of optics.  Characterizing the point-spread addresses the following question about the functional 

organization of cortex: how much cortex is activated by delivering a point-like stimulation to the 

peripheral sensory epithelium?  The cortical point-spread concept is important because it is a 

measure of the basic divergence unit of cortical activation, as opposed to the fundamental 

concept of receptive field of a cortical neuron, which is a basic unit of convergence (i.e., measure 

of how much periphery can activate a single neuron in the cortex). 

The cortical response in the rat barrel cortex evoked by single whisker stimulation is an 

appealing model for mapping cortical point-spreads because stimulation of a single whisker is a 

simple and straightforward means to achieve point-like stimulation, in addition to all the 

advantages offered by studying barrel cortex as discussed in Section 2.2.  Fig. 1A shows the first 

successful mapping of a cortical activity area in the barrel cortex following single whisker 

stimulation (Grinvald et al., 1986).  The figure contains individual traces of intrinsic signals 

captured by a photodiode array mounted on a microscope, with each trace corresponding to a 

photodiode within the array. Each trace has a clear baseline prior to stimulation, and, as 

expected, a single signal peak exists whose location can be readily seen.  Beyond the peak there 

exist an approximately symmetrical gradient of progressively diminishing amplitude and 

increasing latency to the peak of signal traces.  This signal spread, along with the peak signal, is 

taken as a measure of the cortical point-spread of the stimulated whisker or the whisker‟s 

functional representation; we use these terms interchangeably.  Also as expected, a similar 

pattern of signal spread is obtained when stimulating different single whiskers, except for the 

shifting of peak signal location to co-localize above the „appropriate‟ layer IV barrel.  The data 

presented in Fig. 1A constituted the first proof that intrinsic signals could be used to map the 

functional representations of different whiskers.  The point-spread of a single orientation or a 

single pure tone can also be similarly mapped as an analogue to the point-spread of a single 

whisker.  When using a photodiode array, note that intrinsic signals can only be plotted, and high 

spatial resolution images of activity maps had to wait until video and CCD cameras (without 

microscope) were introduced to the field of neuroscience.   
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Figure 1.  Mapping of intrinsic signals using a photodiode array.  (A) Mapping of a single 

whisker functional organization (point-spread) in barrel cortex using intrinsic signals.  The 

spatial distribution of intrinsic signals was obtained in response to mechanical stimulation of a 

single whisker.  Simultaneous intensity changes in reflected light were measured with 96 

photodiodes, averaged over 200 trials.  Wavelengths of 665 to 750nm were used.  The 

duration of the stimulus (S), the size of cortical area viewed by each detector, the time scale, 

and the fractional change in light intensity reaching the diode are provided at the corners of 

the panel.  Signals marked by triangles are the largest 15 signals selected by computer 

integration.  (B-D) Visualization of orientation columns in cat visual cortex.  (B) 

Demonstration of the signal sensitivity to the orientation of the stimulus.  Right traces: the 

response to vertical drifting gratings (V) and to horizontal drifting gratings (H).  The 

difference between these two traces is shown in the third trace (V-H).  An electrode 

penetration at this site recorded from cells which responded only to vertical gratings.  Left 

traces: as for right, but the optical signals are from diodes that monitored cortical area in 

which units responded only to horizontal stimuli.  (C) The raw data.  Two superimposed 

patterns of reflected light signals in response to horizontal (fine lines) and vertical (bold lines) 

drifting gratings.  These experiments were interlaced.  Positions where the response to 

horizontal stimuli was larger than the response to vertical stimuli are shaded in grey.  The 

pattern of optical signals may seem puzzling as optical signals are seen everywhere, also in 

areas where single unit responses were not recorded for a given stimulus orientation.  (D) A 

two-state map of the orientation columns.  For each pixel, the signals for the vertical and 

horizontal stimuli were integrated.  Shaded diodes are those giving a larger response to 

horizontal than to vertical stimuli (correspond to those positions shaded in grey in panel C).  

A and C are examples of the global signal and the result of their subtraction in B and D are 

the mapping signals. (First published in Grinvald, A. et al., Nature, 324, 361, 1986.) 
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After successfully mapping a cortical spread, specifically a point-spread, in rat barrel 

cortex, research attention was then directed towards using the same intrinsic signal recording set-

up to map the preference of cortical activity such as the orientation columns (example of a 

cortical columnar system) known to exist over the entire visual cortex (Grinvald et al., 1986).  

Orientation columns refer to columns of cells that respond preferentially to the specific 

orientation (e.g., vertical, horizontal) of a line, border, or grating in the visual world.  Because 

columnar systems typically cover the entire cortical area being imaged, mapping the entire extent 

of a columnar system requires the use of a ‘large-scale’ stimulus that spans over a large territory 

of the peripheral sensory epithelium; e.g., simultaneous delivery of stimulation to all the large 

whiskers, or many sound frequencies, or delivery of a full screen visual stimulation. It is 

important to keep in mind the type of stimulus delivery used during imaging („point‟ vs. „large-

scale‟) as the literature can be confusing on this subject.  In recent years there has also been a 

growing popularity for the use of naturalistic stimuli (movies of natural scenes, natural calls, 

etc.) but this type of stimulation has yet to be applied with ISOI.  Electrophysiological studies 

demonstrated that, with some exceptions, there is a smooth transition of orientation preference as 

one records neuronal response to different orientations along tangential (horizontal) distances in 

the cortex.  Notably, many neurons that respond to a given orientation would respond in a 

weaker manner to similar orientations and not at all to dissimilar orientations.  Therefore, by 

extrapolating results from electrophysiological studies, if it were feasible to implant an expansive 

and very dense array of microelectrodes, one would expect that delivery of an orientation 

stimulus (e.g., horizontal gratings) over the entire full screen (i.e., „large-scale‟ stimulus) should 

evoke a response over the entire visual cortex that would contain many local activity peaks 

(above the columns with preferred response to horizontal orientation) surrounded by less active 

(above columns preferring similar orientations such as near-horizontal) or non-responsive 

cortical regions (above columns with preferred response to dissimilar orientations such as 

vertical and near-vertical).  Likewise, one would have similar expectations for imaging of 

intrinsic signals: when presenting a full screen grating stimulation of a specific orientation and 

recording intrinsic signals from the visual cortex surface, the spatial locations of the responding 

orientation columns should be easily identified by local peaks of intrinsic signal responses on a 

background of weakly or non-responding areas.  However, as Fig. 1D demonstrates, it quickly 

became clear that merely using a single stimulus (e.g., horizontal orientation) to image local 

cortical areas that are maximally responsive to it was not sufficient to obtain the horizontal 

orientation columns map.  Contrary to expectations, large-scale (e.g., full screen) stimulation of a 

single orientation led to a strong and uniform presence of intrinsic signal over a larger area of 

cortex without any obvious multiple signal peaks.  Furthermore, similar findings of a large and 

uniform signal area were obtained for other orientations.  Such large and non-specific general 

signal without clear peaks as captured with imaging can be referred to as the ‘global’ signal (to 

differentiate it from the actual underlying cortical activity) and appears to occur irrespective of 

which orientation stimulus is presented.  It should be noted that the signal imaged and used in 

mapping a single whisker cortical point-spread (Fig. 1A) is also an example of a global signal. 

How then, can intrinsic signals captured with imaging be used to map cortical preference 

activity such as orientation columns?  Further study demonstrated that the global signal 

amplitude was slightly stronger at cortical locations corresponding to the activated orientation 

columns, but in order to localize these slightly stronger signals one had to subtract (or divide) 

from them global signal evoked by its opposite orientation (e.g., vertical – horizontal,  45° – 

135°, etc.).  In other words, while already containing mapping information for the location of 
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orientation columns, global signals first required the subtracting (or dividing) out of reference 

global signals (e.g., global signal evoked by an opposite orientation stimulus) in order for them 

to effectively provide such mapping information.  The resultant differential signal, whether 

achieved by subtraction or division, between the global signals of two opposite orientation 

stimuli (e.g., vertical and horizontal; Fig. 1B, D) is routinely used for mapping purposes and can 

be referred to as the ‘mapping’ signal (an alternative to differential imaging is the use of „single 

condition‟ maps where the signal for one stimulus is not divided by signal for its opposite 

stimulus but by a „cocktail‟ that included cortical activation by all other stimuli, in this case all 

other orientations including oblique orientations).  The mapping signal is therefore a component 

of the global signal, whose amplitude and spatial pattern better corresponds to those for evoked 

suprathreshold responses (action potentials) for the same stimulus.  Indeed, this correspondence 

to suprathreshold neuronal activity helped to further establish intrinsic signal optical imaging as 

a mapping imaging method that could also be used to map columnar systems.  Mapping signals 

were later also used to image other columnar systems such as the ocular dominance system, a 

system characterized by columns of neurons with preferred response to one eye interspersed with 

columns of neurons with preferred response to the other eye.  Therefore, imaging of the ocular 

dominance system is obtained by subtracting or dividing global signals obtained from 

stimulating one eye by those of the other eye.  In summary, unlike mapping a cortical activity 

spread, the mapping of cortical preference activity requires the use of multiple types of stimulus 

deliveries (e.g., horizontal vs. vertical; horizontal vs. „cocktail‟) all of them „large-scale‟, and 

involves the use of the mapping signal because the global signal for the stimulus of interest is 

analyzed relative to global signal for another (orthogonal or „cocktail‟) stimulus (stimuli).  

Similarly to mapping of an entire columnar system, mapping the point-spread of preference 

activity requires the use of multiple types of stimulus deliveries (e.g., horizontal vs. vertical) as 

well as the use of the mapping signal except that all stimuli are delivered in a „point‟ instead of 

„large-scale‟ fashion.  We should explicitly point out that the global signal for a given stimulus is 

subtracted or divided by signal for a resting condition (e.g., prestimulus or control data) when the 

goal is to map the cortical activity spread (e.g., point-spread of a single whisker) rather than 

preference; such maps can be considered “true” single condition maps because the analysis does 

not involve signal for any stimuli other than the stimulus of interest.  Further, unlike the mapping 

of a columnar system using orthogonal orientations or the „cocktail‟ approach, which are ad-hoc 

solutions based on prior knowledge about the visual cortex, the mapping of the global signal is 

more satisfying because it is equivalent to the way single unit or LFP evoked responses are 

analyzed compared to their prestimulus controls.  

The global signal captured with imaging is generally viewed as being ‘non-specific’ 

because of its inability to provide visualization of a specific columnar system, as opposed to the 

mapping signal being viewed as ‘specific’ because of its ability to do so.  However, we should 

stress that the „non-specific‟ global signal is not necessarily less informative or less useful of an 

imaging signal for mapping the functional organization of the cortex.  As discussed above, the 

global signal actually contains the specific mapping information for the columnar system; we 

just cannot extract this information directly without the use of the differential analysis methods 

discussed above.  Also, whether an imaging signal is considered more informative or useful 

depends on the research question at hand; if one is interested is mapping a columnar system, then 

the mapping signal is more useful for mapping of cortical function because of its ability to target 

these columns; however, if characterizing a point-spread of a stimulus is the question of interest, 

then the global signal is more useful.  Therefore, there are instances when the global signal is 
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more informative or useful for functional imaging compared to the mapping signal. This is an 

important point as some ISOI research projects as well as most functional magnetic resonance 

imaging (fMRI) research projects routinely use only the global signal for functional mapping 

(although fMRI research typically relies on a different phase of the signal; discussed below). 

 It should be emphasized that the type of intrinsic imaging signal being exploited (global 

vs. mapping) is typically associated with a given type of analysis used to generate images of 

functional maps.  When the global signal is used, imaging data evoked by a single stimulus (e.g., 

single whisker) are analyzed relative to pre-stimulus or control data.  Such an approach is suited 

for mapping cortical spreads including point-spreads such as the functional representation of a 

single whisker (interestingly, however, in our hands the use of control or no stimulation data, 

rather than pre-stimulus data, was ineffective for mapping the functional representation of single 

whiskers).  When the mapping signal is used, imaging data evoked by a given stimulus (e.g., 

horizontal) are analyzed relative to data evoked by an orthogonal stimulus (e.g., vertical) or a 

„cocktail‟ of stimuli (e.g., combined activation of all other orientations).  This approach is suited 

for the mapping of functional columns that exhibit a preferred (stronger) response to that given 

stimulus and typically requires that all delivered stimuli are „large-scale‟, if characterization of 

the columnar system over the entire imaged area is of interest.  As mentioned above, the 

mapping signal (where data of a given stimulus are processed relative to data of another 

stimulus) can also be used to map a point-spread (specifically the point-spread of a columnar 

system) as long as all the stimuli are delivered in a „point‟ rather than „large-scale‟ fashion, in 

which case the obtained functional map is a point-spread of a columnar system.  Hence, the 

former approach for data analysis is employed by those ISOI research projects and most fMRI 

research projects that exploit the global signal, whereas the latter approach is employed by ISOI 

research projects that exploit the mapping signal. 

Taken together, mapping of activity spread vs. preference, both of them useful for better 

understanding of cortical organization,  is achieved depending on the type of stimulus being 

delivered (single stimulus vs. multiple stimuli; „point‟ vs. „large-scale‟), and type of imaging 

signal being exploited („global‟ vs. „mapping‟) which in turn dictates the type of data analysis 

used to visualize the functional maps (relative to pre-stimulus or control data vs. relative to data 

of another stimulus).  See Table 1 for summary. 

The original ISOI experiments were conducted with the use of photodiode arrays, which 

provided excellent temporal resolution but limited spatial resolution.  The arrays were less than 

optimal for imaging intrinsic signals because the signals were relatively slow and thus did not 

require such high temporal resolution, and the imaging of these signals could benefit from 

increased spatial resolution.  Furthermore, images of cortical activity could not be readily 

generated from data collected by the photodiode arrays.  The arrays were eventually replaced by 

CCD (or video) cameras (see Fig. 2) that offered improved spatial resolution and the opportunity 

to create clear images of cortical activation (Frostig et al., 1990; Ts'o et al., 1990). For examples 

of images obtained with CCD cameras, please refer to various figures throughout the remainder 

of the chapter.  The continuous technical evolution of CCD and recently CMOS cameras that 

offer even higher spatial and temporal resolutions promise continuous parallel improvements and 

refinement of research into cortical organization and its plasticity.   

After such detailed discussion of imaging evoked activity, one has to wonder: what is the 

relationship of intrinsic imaging signal (global and mapping) to underlying neuronal activation?  

A detailed discussion of this topic is provided in the next section. 
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Table 1.  Two commonly imaged types of evoked cortical activity: spread vs. preference. 

 

  

TYPE OF EVOKED CORTICAL ACTIVITY 

 

  

Spread 

 

 

Preference 

 

Research Question 

 

 

What is the total cortical region activated 

by a given stimulus delivery? 

- relevant for mapping functional 

representations (e.g., single whisker 

functional representation) 

 

 

What cortical regions respond strongest 

(i.e., preferentially) to a given stimulus 

delivery? 

- relevant for mapping columnar systems 

(e.g., orientation columns) 

 

Stimulus Delivery 

 

single stimulus type (e.g., one whisker) 

 

 

 

multiple stimulus types (e.g., one visual 

orientation, such as horizontal, and then 

an orthogonal orientation) 

 

 

Imaging Signal 

 

 

global 

 

mapping 

 

 

Data Analysis 

 

 

stimulus data are analyzed relative to pre-

stimulus or control data 

 

 

differential analysis where data for one 

stimulus are analyzed relative to data for 

the other stimulus 
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3. Relationship Between Intrinsic Signals and Underlying Neuronal Activation 

 

 As alluded to in the previous section, a good correlation has been found between ISOI 

mapping signals and suprathreshold neuronal activation when both are evoked by an identical 

sensory stimulus.  Indeed, such correlation has been the default working hypothesis of many 

research groups utilizing ISOI. 

However, as the ISOI global signal and subthreshold neuronal activation gained 

increasing research interest over the years, it gradually became more pertinent to consider other 

possible relationships between the type of intrinsic imaging signal being exploited (global vs. 

mapping) and neuronal activation.  In particular, questions arose in response to the observed 

nature of the global signal.  As illustrated in Fig. 1, strong global signal captured by imaging 

when using a large-scale stimulus delivery is observed everywhere over a large cortical area, 

even in regions where suprathreshold neuronal activity was not expected based on extensive 

findings from single unit recordings.  For example, if a stimulus consisted of a vertical grating 

pattern, suprathreshold neuronal activation should be present only in localized cortical areas 

Figure 2.  Set-up for in vivo intrinsic signal optical imaging of cortical functional 

representations.  Images are taken through the animal‟s thinned skull.  The cortex is 

illuminated with a red (630 nm) light source.  The CCD camera captures a sequence of images 

before, during and after a computer controlled mechanical stimulation to a whisker.  The 

sequence of digital images is sent to a computer that also controls the experiment.  After 

averaging of 32-128 image sequences, analyzed data can be displayed as an image using an 8-

bit linear grayscale on a computer monitor.  The black patch represents activity evoked by 5 

Hz rostro-caudal stimulation to a single whisker.  Typically, one computer acquires the data 

and controls the experiment, while the data are sent to a second computer for analysis. 
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corresponding to functional columns that prefer vertical or near vertical grating stimulation, 

which is in stark contrast to strong intrinsic signal present over the entire imaged part of the 

visual cortex even including localized areas known to prefer the opposite orientation grating 

(horizontal).  Similar observations were also made for rat barrel cortex.  As illustrated in Fig. 3 , 

a very large cortical area (~15 mm
2
) is observed to contain strong global signal in response to 

single whisker stimulation, an area that is much larger than the area expected to exhibit 

suprathreshold neuronal response and is in fact about two orders of magnitude larger than the 

underlying layer IV barrel (~0.15 mm
2
). 

 

 
 

 

 

 

 

What, then, is the relationship between the global signal as captured with imaging and 

neuronal activation?  That strong global signal is present even at cortical locations containing no 

suprathreshold neuronal response introduces the possibility the global signal is mainly, if not 

exclusively, correlated with subthreshold (synaptic) neuronal response (for yet another 

possibility, namely hemodynamic spread or „overspill‟, see several paragraphs below).  Such a 

suggestion would be congruent with direct intracellular electrophysiology findings describing 

large subthreshold activation area within the cat primary visual cortex following small visual 

stimulation (Bringuier et al., 1999) and the rat auditory cortex following pure tone stimulation 

(Kaur et al., 2004).  We have also reported recently on a very large subthreshold activation area 

Figure 3.  Three-dimensional visualization of stimulus-evoked activity in rat barrel cortex as 

assessed with intrinsic signal optical imaging.  The activity level of a 4.7 mm by 3.8 mm 

cortical area in response to single-whisker stimulation (whisker D1, 5 deflections delivered at 

5 Hz) is plotted along the z-axis, with higher intrinsic signal activity levels plotted upwards on 

the z-axis.  Prior to plotting, data are processed with a Gaussian filter (half-width = 7) to 

remove high frequency spatial noise. 
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as measured by an 8-electrode array in the barrel cortex of the rat.  The results of our local field 

potential (LFP) based recordings suggest that a very large, symmetrical subthreshold area of 

about 38 mm
2
 can be evoked following single whisker stimulation, so large that it could deeply 

invade other primary sensory areas (Frostig et al., 2008).  Our LFP finding fits well with our 

previous imaging findings demonstrating large symmetrical activation of cortex following single 

whisker activation (Figure 3), and is further supported by the discovery of underlying long-range 

horizontal projection that could support such spread (Frostig et al., 2008).  Additional findings to 

support the connection between the global signal and subthreshold activation were revealed by 

using other imaging methods.  By utilizing, for example, an optical imaging technique based on 

voltage sensitive dyes (or VSD) that is sensitive mostly, if not exclusively, to subthreshold 

neuronal activity (Grinvald and Hildesheim, 2004; Berger et al., 2007); see chapter in this book 

by Arieli et al.), very large activation areas in response to point stimulation have been repeatedly 

observed for both the primary somatosensory (Ferezou et al., 2007) and visual (Grinvald et al., 

1994; Roland et al., 2006; Sharon et al., 2007) cortex.  The study by (Ferezou et al., 2007) 

performed in the mouse somatosensory and motor cortices is especially instructive because it 

was performed in the awake mouse to study passive or active single whisker stimulation.  The 

authors clearly demonstrate that roughly 40 msec following passive or active single whisker 

stimulation the entire hemisphere surface exhibits clear activation that originated and spread 

from the stimulated whisker representation areas into both the remaining somatosensory and 

motor cortices.  Taken together, we therefore propose, based on the above studies, that the global 

signal spreading symmetrically away from peak activation over a large cortical area, represents 

the most fundamental and therefore the most common type of cortical activation. 

Surprisingly, a relationship to subthreshold neuronal activation may not be limited just to 

the global signal.  Using ISOI and post-imaging verification with single unit recordings, while 

exploiting the mapping signal to visualize the point-spread of orientation columns researchers  

(Das and Gilbert, 1995; Toth et al., 1996) observed that orientation columns were present even in 

cortical regions with no suprathreshold neuronal response.  In addition, using the same 

differential techniques as ISOI to map orientation columns, VSD-based optical imaging has been 

successful in using mapping signals to visualize orientation columns even though this technique 

is sensitive to subthreshold neuronal response (Shoham et al., 1999).  By simultaneously 

combining ISOI signals, suprathreshold neuronal responses, and subthreshold (LFPs) neuronal 

responses from cat visual cortex (Niessing et al., 2005), it was demonstrated that fluctuations in 

the mapping signal used for imaging orientation columns are tightly correlated with subthreshold 

but only weakly correlated with suprathreshold neuronal response.  Furthermore, the correlation 

between the mapping signal and subthreshold neuronal response became even tighter in the 

LFP‟s high gamma oscillation band (52-90 Hz), implying that the synchrony of subthreshold 

responses appears to be an important contributing factor for the correlation between subthreshold 

neuronal activation and ISOI mapping signal.  Together, this set of findings support an 

underlying subthreshold neuronal response even for the mapping signal captured with imaging.   

Because subthreshold activation likely correlates with captured imaging signals (both 

global and mapping), we are compelled to revisit the question: what is the relationship between 

global/mapping intrinsic signals and suprathreshold activation?  We would like to submit two 

possibilities, both entertaining the potential for suprathreshold activation to play a secondary role 

to that of subthreshold activation: (1) when present, suprathreshold responses contribute to the 

imaging signal by strengthening the amplitude of subthreshold-based imaging signals; or (2) 

suprathreshold responses do not contribute at all to imaging signals and the correlation observed 
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thus far between suprathreshold responses and imaging signals is more fortuitous then actual 

because evoked suprathreshold activation is, in and of itself, highly correlated with evoked 

subthreshold activation.  Interest in these possibilities were already raised in the past regarding 

the origin of fMRI signal (see (Logothetis, 2008) for a recent review; but see (Mukamel et al., 

2005), and further research aiming at elucidating the origins of such signals by direct attempts to 

decouple suprathreshold from subthreshold activation have led to further support for the role of 

subthreshold activation (Mathiesen et al., 1998; Viswanathan and Freeman, 2007; Rauch et al., 

2008).  

A correlation between subthreshold activation and intrinsic signals captured with imaging 

also compels us to revisit a popular notion known as „hemodynamic overspill‟.  As discussed 

previously, a point stimulus leads to intrinsic imaging signal that spreads over a cortical area that 

is much larger than that containing suprathreshold neuronal response; see Fig. 3 for a 3-D 

example of the large intrinsic signal area evoked by single whisker stimulation.  Also discussed 

previously, hemodynamic sources underlie intrinsic signals captured with imaging.  Thus, the 

large area of intrinsic signal in response to a point stimulus is typically interpreted to signify that 

a spatial mismatch exists between the smaller area of suprathreshold activation and the much 

larger (i.e., „overspill‟, „overcompensation‟) area of associated hemodynamic processes 

(especially blood flow to the activated area) evoked by the point stimulus.  However, as 

discussed above, point stimulus evokes not only a small area of suprathreshold activation but 

also a much large area of subthreshold activation.  In considering the correlation of intrinsic 

imaging signal with subthreshold activation, coupled with the understanding that such evoked 

subthreshold activation also needs a supply of oxygen, we would like to suggest that the popular 

analogy for hemodynamic overspill, „the entire garden is watered for the sake of one thirsty 

flower‟ (Malonek and Grinvald, 1996), could be modified to „most, if not all, of the garden is 

thirsty‟.  The idea that there may be a much smaller overspill area of hemodynamic processes 

than previously estimated, or none whatsoever, attest to the need for further research on the exact 

spatial correspondence between subthreshold activation and intrinsic signals, primarily because it 

could change the typical interpretation of hemodynamic-based functional imaging methods.  It 

could lead, for example, to a change in the way functional imaging data are quantified, namely 

by encouraging acceptance for using lower and less conservative thresholds - because the 

assumption that larger areas of activation are just overspill rather than real activation does not 

seem valid anymore.  Lowering the threshold, in turn, would therefore lead to an increase in the 

size of an activation area typically quantified and, in turn, increase of overlap with other 

activated areas; in short the brain may look functionally less modular.  A clear example that 

demonstrates the major impact of lowering the threshold on quantifying the size of a whisker 

functional representation is provided in Fig. 5.   

In the discussion on the relationship between intrinsic signals and neuronal activity, one 

has now also to take into account the recently emerging and unexpected contribution from glial 

cells, as suggested by findings of two research groups.  Using simultaneous ISOI imaging and 

detailed pharmacological studies that lead to decoupling of neuronal from glial activation in the 

olfactory bulb of the rat (Gurden et al., 2006), the authors showed that following sensory 

stimulation intrinsic signals are related to uptake of pre-synaptic glutamate release from the 

synapse by glial cells known as astrocytes.    Using a combination of 2-photon microscopy, 

calcium indicators, and ISOI, these surprising findings were recently corroborated and expanded 

in the visual cortex of ferrets (Schummers et al., 2008).  These studies demonstrate that 

astrocytes form a critical pathway through which neuronal activity is linked to intrinsic signals.  
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It appears that astrocytes, like neurons, can exhibit stimulus-evoked activity properties, and 

evoked intrinsic signals is highly sensitive to astrocyte activation.  Taken together, results 

obtained from both olfactory bulb and visual cortex strongly support the idea that astrocytes 

constitute an important underlying source of intrinsic signals.   

To summarize, the relationship between neuronal activation and intrinsic signals, once 

thought to be just a simple relationship between the mapping signal and the underlying 

suprathreshold activation, requires further elucidation, but in recent years the emphasis has 

shifted to intrinsic signals (including both the global and mapping components) being primarily 

correlated with subthreshold activation that now includes also glial cells.  Because a better 

understanding of the changing concepts regarding the relationship between intrinsic signals, 

neuronal and glia activation is crucial for the proper interpretation of findings obtained by 

hemodynamic-based methods such as ISOI and fMRI, there is a clear need for research to further 

address these topics.  To assist in this research pursuit, the next section provides a targeted 

discussion of what we have found specifically using the global signals captured with ISOI 

(referred to simply as intrinsic signals hereafter) in rat barrel cortex. 

 

4. More on Intrinsic Signals in Rat Barrel Cortex 

 

4.1 Stimulus-evoked intrinsic signals  

 

Up to this point only one phase of the intrinsic signal has been discussed.  From the first 

discovery of intrinsic signals, the signal has been known to be biphasic (Grinvald et al., 1986; 

Frostig et al., 1990), but it was the early phase, known as the „initial dip‟, that was typically used 

for mapping, including all the examples discussed so far in the present chapter.  Note that the 

initial dip signal amplitude is quite small, typically between 1-10 x 10
-4

 of the total amount of 

light that is reflected from the cortex (Fig. 4).  Nevertheless, by simple manipulations of the 

intrinsic signal data (Fig. 5), clear images of evoked initial dip are obtained with very high 

spatial resolution (~ 50 m) from large areas of the cortex. 
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Figure 4.  Temporal profile of evoked and spontaneous ISOI intrinsic signal obtained from 

the rat barrel cortex.  Data were collected in either 300 msec (A) or 500 msec (B) frames and 

plotted on the y-axis in fractional change units relative to the first collected frame.  By 

convention, decreasing light reflectance is plotted as upgoing.  (A) Stimulus-evoked intrinsic 

signal from the left cortex of a rat.  Intrinsic signal was sampled over a 0.16 mm
2
 cortical area 

in 300 msec frames after averaging 32 trials.  On the x-axis, the timepoint of 0 contains 

intrinsic signal collected during 0-299 msec, with timepoints 1.2-2.4 s containing  intrinsic 

signal collected during the 1.2 s stimulation of whisker C2 at 5 Hz.  As compared to the slow 

changes in the spontaneous intrinsic signal shown in B, the amplitude of the faster changes in 

the stimulus-evoked cortical  intrinsic signal was smaller by an order of magnitude. (B) 

Spontaneous cortical intrinsic signal from the right barrel cortex of a rat.   Intrinsic signal was 

sampled over a 0.16 mm
2
 cortical area in 500 msec frames during a single 45.5 s trial.  On the 

x-axis, the timepoint of 0 contains intrinsic signal collected during 0-499 msec while the 

timepoint of 5 s contains  intrinsic signal collected during 5000-5499 msec, and so forth.  The 

magnitude of changes in  intrinsic signal remained similar when the frame duration is 

increased to 5 s and the trial interval is increased to 455 s (data not shown).  (Modified with 

permission from Chen-Bee, C.H. et al., J. Neurosci. Methods, 68, 27, 1996.) 
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Figure 5.  Areal extent quantification with the use of absolute thresholds combined with the 

pre-stimulus baseline.  (A) Array of intrinsic signals evoked by stimulation of a single 

whisker E2 after collection of 128 trials (downward pointing scale bar = fractional change of 

1 x 10
-3

).  Each plot corresponds to the 4.5 s time course as averaged for the underlying 0.46 

mm x 0.46 mm area, with the time epoch of 0.5 up to 1.5 s post-stimulus onset highlighted in 

gray.  Note the region of evoked intrinsic signals is located in the left center of the total 

imaged area.  (B) Determination of pre-stimulus baseline.  Data collected from 1.0 up to 0.5 s 

prior to stimulus onset are converted to ratio values relative to data collected from 0.5 up to 0 

s prior to stimulus onset, with the x- and y-axes indicating cortical location and the z-axis 

indicating strength of pre-stimulus intrinsic signals.  The median ratio value (0.21 x 10
-4

 for 

this example) is used as a measure of the average pre-stimulus activity over the entire imaged 

area.  Ratio values are filtered (Gaussian half width 5) prior to the 3-D plotting. (C) Setting 

absolute thresholds when used in combination with the pre-stimulus baseline.  Data collected 

0.5 up to 1.5 s post-stimulus onset are converted to ratio values relative to pre-stimulus data 

such that the processed data may be thought of as a “mountain of evoked activity”, with the x- 

and y-axes indicating cortical location and the z-axis indicating strength of post-stimulus  

intrinsic signals.  Ratio values are filtered (Gaussian half-width 5) prior to the 3-D plotting.  

Thresholds are set at absolute increments away from the pre-stimulus baseline (0.21 x 10
-4

 as 

indicated by z-axis minimum).  Three arbitrary increments are illustrated here: 1.5, 2.5, and 

3.5 x 10
-4

 away from pre-stimulus baseline.  (D-F) Visualizing the quantified area of evoked 

intrinsic signals using absolute thresholds combined with the post-stimulus baseline.  An 8-

bit, linear grayscale mapping function is applied to the ratio values so that the quantified area 

(enclosed by a white border) is visualized as a black patch within the total imaged area for 

each of the three absolute thresholds.  Note that an area was not quantified with the highest 

(3.5 x 10
-4

) threshold (D) as the peak ratio value for this example is 3 x 10
-4

.  Orientation and 

horizontal scale bar in (A) also apply to (D-F).  (Modified with permission from Chen-Bee, 

C.H. et al., J. Neurosci. Methods, 97, 157, 2000.) 
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However, we have recently demonstrated that the intrinsic signal is reliably triphasic.  

Fig. 6 contains a representative stimulus-evoked intrinsic signals obtained from a cortex 

illuminated with red light (630 nm) in response to stimulation of a single whisker.  Intrinsic 

signals evoked by a short-lasting (1 sec) stimulus delivery are reliably triphasic, spanning > 10 

sec after stimulus onset and, to borrow terminology from the fMRI field, consists of an initial dip 

below baseline, followed by the overshoot above baseline and then the undershoot below 

baseline (Fig. 6B).  High-spatial resolution images can be generated from the evoked triphasic 

signal to map the spatiotemporal profile of each signal phase (Fig. 6A).  To comprehensively 

characterize a given signal phase, various parameters are available for assessment pertaining to 

the presence/absence of an evoked signal area (e.g., onset, offset, total duration) and maximum 

evoked area (e.g., areal extent, peak magnitude, peak location) (see Fig. 6B).  Fig. 7 summarizes 

the high-spatial resolution mapping of the triphasic signal across 60 rats and Fig. 8 summarizes 

in detail how the three signal phases compare to each other.  Relative to stimulus onset, the 

evoked initial dip area typically appears within 0.5 sec (Area-Onset time), peaks 1-1.5 sec (Area-

Max time), disappears by 2-2.5 sec (Area-Offset time), and thus lasts 1.5-2.5 sec (Area-Duration; 

Fig. 8C), followed by the overshoot area (2-3 sec Area-Onset, 3.5-4.5 sec Area-Max, 6-9 sec 

Area-Offset, 3.5-5 sec Area-Duration) and the undershoot area (6-7.5 sec Area-Onset, 7.5-9.5 sec 

Area-Max, 10-12 sec Area-Offset, 3-7.5 sec Area-Duration).  The overshoot signal phase is 

largest in spatial extent (Fig. 8A), is strongest in peak magnitude (Fig. 8B), and lasts the longest 

(Fig. 8C), followed by the undershoot and then the initial dip, with poor co-localization of peak 

activity between the three signal phases (Fig. 8D).  For every signal phase, only a few parameters 

appear correlated, such as larger spatial extents with stronger peak magnitudes or longer total 

duration of evoked area presence with later offset of evoked area presence (see Table 2 of (Chen-

Bee et al., 2007)).  Correlations between signal phases are even more sparse (e.g., no correlation 

in peak magnitude or spatial extent between any two phases; see Table 3 of (Chen-Bee et al., 

2007)), demonstrating the large degree of independence between the different signal phases with 

respect to their attributes.  Such independence impedes using the various attributes of the initial 

dip to predict the attributes of the subsequent overshoot and undershoot signal phases. 
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Figure 6.  Visualization of evoked ISOI intrinsic signal.  Data from a representative rat is 

provided to illustrate that high-spatial resolution images of intrinsic signal activity can be 

obtained for an extended time epoch after stimulus onset (up to 13.5 sec; 500 msec frames).  

(A) A photograph is provided of the vasculature present on the surface of the imaged cortical 

region.  Images of post-stimulus data are created by first converting data into fractional 

change values relative to the 500-msec frame collected immediately prior to stimulus onset on 

a pixel-by-pixel basis before applying an 8-bit linear grayscale to the processed data such that 

middle gray = no change relative to prestimulus data, darker gray values = larger undershoots, 

lighter gray values = larger overshoots, and darkest (black) and lightest (white) values  are 

thresholded at ±2.5 x 10
-4

 or  ±0.025%.  Prestimulus data can be visualized by creating an 

image in the similar manner, where the 500-msec frame immediately preceding stimulus onset 

(-0.5 sec time point) is converted relative to the -1.0 sec time point.  Stimulus bar indicates 

when the 1-sec stimulus delivery occurred; 1-mm scale bar and neuroaxis apply to all images.  

(B) Line plot of the fractional change values is obtained from a single binned pixel located 

centrally within the imaged cortex, with the inset containing the same data points plotted 

upside down as is traditionally done in ISOI studies.  The same images seen in (A) were 

reduced in size and re-displayed below the line plot for easier comparison along the temporal 

domain (reduced images are also provided in Figs. 2, 4, and 7).  5mm scale bar applies to all 

images; neuroaxis remains the same.  Note that stimulation of a single whisker for 1 sec 

evokes a tri-phasic intrinsic signal consisting of an Initial Dip (dark patch) followed by an 

Overshoot (bright patch) and then an Undershoot (dark patch) .  Each intrinsic signal phase 

can be comprehensively characterized by assessing such spatiotemporal parameters as: 

AOn=Area-Onset time; AM=Area-Max time; AOf=Area-Offset time; AD=Area-Duration; 

AMS=Area-Max-Size; PL=Peak-Location; AMM=Area-Max-Magnitude; and PM=Peak-Max 

time.  (Modified with permission from Chen-Bee, C.H. et al., J. Neurosci., 27, 4572, 2007.) 
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Figure 7.  Visualization of the evoked ISOI intrinsic signal across 60 rats.  Images of evoked 

intrinsic signal in 500-msec frames are provided through 13.5 sec after onset of 1-sec stimulus 

delivery to a single whisker (one row per rat).  A total of 64 stimulation trials were collected 

per rat for the first 24 rats, whereas 128 trials were collected for the remaining 36 rats.  

Stimulus bar in the upper left corner indicates that the 1-sec stimulus delivery occurs during 

the first two frames and applies to all rows; grayscale  ±2.5 x 10
-4

, 5mm scale bar, and 

neuroaxis apply to all images.  Across all rats, the evoked intrinsic signal is reliably tri-phasic, 

consisting of an Initial Dip (first prolonged presence of a black activity area) followed by an 

Overshoot (first prolonged white activity area) and then an Undershoot (second prolonged 

black activity area).  While some variability existed across rats, consistent differences 

between the three signal phases were apparent including time after stimulus onset when an 

activity area first appeared (Area-Onset time or AOn), total duration of activity area presence 

(Area-Duration or AD), and spatial extent size of the maximum activity area (Area-Max-Size 

or AMS).  Note that by the end of the 13.5 sec post-stimulus time epoch, an additional 

overshoot and/or undershoot was observed in the majority of rats.   (Modified with permission 

from Chen-Bee, C.H. et al., J. Neurosci., 27, 4572, 2007.) 
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Figure 8.  Comparison between the three ISOI signal phases.  (A-B) Inter-phase comparison 

of Area-Max-Size (AMS) and Area-Max-Magnitude (AMM).  The spatial extent size of the 

maximum activity area (AMS) and the magnitude of peak activity within the quantified area 

(AMM) were assessed for all three signal phases.  Means and SEs of the quantified data are 

provided for 60 rats.  Statistically significant differences between all possible pairs of signal 

phases exist for both AMS and AMM (indicated by asterisks).  Inset in A: The maximum 

activity area as quantified using a normalized threshold of 50% AMM.  In striking contrast, 

note that the smallest maximum activity area is actually observed for the Overshoot signal 

phase.  (C) Temporal profile of the evoked activity area per signal phase.  Regarding the 

entire period that an evoked activity area is present, the following temporal characteristics 

were assessed per signal phase: AOn=Area-Onset time; AM=Area-Max time; AOf=Area-

Offset time; AD=Area-Duration; and PM=Peak-Max time.  Occurrence of the 1-sec stimulus 

delivery to a single whisker is indicated in all but the fourth panel with a vertical gray bar.  

While some variability existed across rats, note that the Initial Dip, Overshoot, and 

Undershoot phase of the evoked intrinsic signal exhibited stereotypical time points with 

respect to when the Area-Onset, Area-Max, and Area-Offset occurred, as well as when Peak-

Max occurred.  Also, the total duration that the evoked activity area was present (Area-

Duration) was about twice as long for the Overshoot and Undershoot as compared to the 

Initial Dip, and that Area-Max and Peak-Max occurred at similar time points.  (D) Inter-phase 

comparison of peak activity location.  Inter-phase comparison of Peak-Location is meaningful 

especially relative to the Initial Dip given that the Initial Dip peak response to stimulation 

used here (single whisker C2 stimulation) has previously been shown to localize above the 

appropriate anatomical location (whisker C2 anatomical representation in layer IV of barrel 

cortex).  In order to summarize the spatial registry between the Initial Dip and Overshoot 

Peak-Locations across all 60 rats, the Overshoot Peak-Location was first converted to relative 

coordinates with respect to those of the Initial Dip such that a relative coordinate of (0,0) 

would indicate a perfect match in peak location for the two phases.  Thus, a single rat can be 

plotted with a single point and a total of 60 rats can be summarized in a scatterplot.  To better 

appreciate the anatomical significance of the variability in the plotted relative coordinates, the 

scatterplot is superimposed on an appropriately scaled schematic of tangential cortical layer 

IV cytochrome oxidase labeling that includes portions of primary somatosensory, visual (VI), 

and auditory (AI) cortex, with the relative origin centered above whisker C2 anatomical 

representation.  Note that the Overshoot Peak-Location did not co-localize well with that of 

the Initial Dip – only 22% of the cases exhibited a margin of error that would still be 

considered to successfully lie above whisker C2 anatomical representation.  The overall 

findings were the same when comparing Peak-Locations for the Initial Dip vs. the Undershoot 

signal phase.  Lastly, only a slight improvement in co-localization of peak activity was 

observed between the Overshoot and Undershoot (data not shown).  (Modified with 

permission from Chen-Bee, C.H. et al., J. Neurosci., 27, 4572, 2007.) 
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 It remains to be determined how such a long lasting signal with three distinct phases is 

dependent on the wavelength of illumination and/or stimulus delivery duration used.  While a 

similar tri-phasic signal is present with the use of orange illumination (Chen-Bee et al., 2007), it 

is possible that the characteristics of the detected signal can differ between illumination 

wavelengths, especially if the wavelengths differ substantially in what underlying sources 

contribute dominantly to the intrinsic signals.  For example, in following the evoked intrinsic 

signals over an extended time period, it would be interesting to compare the detected signal 

between green, red, and infrared illumination.  Duration of stimulus delivery is also likely to 

affect the characteristics of the detected signal; indeed, using spectroscopic optical imaging to 

specifically follow the hemodynamic signals Hbr, HbO2, or total hemoglobin over an extended 

time period, the detected signals are observed to differ substantially depending on whether the 

stimulus duration is brief (2 sec) or long (16 sec; (Berwick et al., 2008)). 

As with ISOI, BOLD fMRI also measures hemodynamic-related changes and 

interestingly it too detects an evoked signal that is tri-phasic and exhibit similar attributes to 

those of ISOI ((Logothetis and Pfeuffer, 2004)) across various data collection conditions, 

suggesting that a tri-phasic signal with attributes as described here may to some extent transcend 

factors such as the technique used (albeit one based on underlying hemodynamic signal sources), 

stimulus parameters, cortical region, quantification method, etc.  Section 3 of this chapter is 

devoted to discussing the relationship of neuronal activity to the initial dip phase of the tri-phasic 

signal; involvement of reoccurring evoked neuronal activity, supra- or sub-threshold, is ruled out 

as underlying the ISOI undershoot (Fig. 9). 
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4.2 Biological noise 

 

As mentioned earlier, there is no longer a need to control for heart rate and respiration 

artifacts when imaging rats.  The absence of heart rate artifacts is presumably due to the faster 

heart rate of rats (relative to cats and monkeys) in combination with the lower temporal 

resolution (e.g., 500 msec frames) of typical ISOI experiments.  At higher temporal resolutions, 

it is likely that heart rate artifacts will be a concern even when rats are imaged.  The reason 

respiration artifacts are absent when imaging in rats vs. cats or monkeys is less clear; it may be 

due to the opportunity specifically in rats to image through the thinned skull, thereby providing 

dampening of brain movement during breathing, and/or in general greater brain movement 

during breathing in cats and monkeys vs. rats prior to any surgical preparation. 

Two types of biological noise are of particular interest when imaging intrinsic signals, 

both of whose magnitudes are much larger than that of stimulus-evoked intrinsic signals: 1) 

global, spontaneous fluctuations; and 2) local contributions overlying surface blood vessels.  

Spontaneous fluctuations in intrinsic signals can be ten times greater and occur on a slower time 

scale (oscillations of ~ 0.05-0.1 Hz or one complete cycle every 10-20 seconds) as compared to 

the stimulus-evoked intrinsic signals (Fig. 4).  Because stimulus delivery evokes only a small 

change in signal on top of the large spontaneous intrinsic signals fluctuations, the successful 

imaging of stimulus-evoked intrinsic signals requires that these spontaneous fluctuations are 

somehow averaged out.  As they are not time-locked to stimulus delivery, spontaneous intrinsic 

signals fluctuations can be minimized by averaging a set of stimulation trials.  The number of 

imaging trials needed (32-128 trials) for sufficient capturing of stimulus-evoked intrinsic signals 

(not just the initial dip but all three signal phases) is comparable to that of single unit recording 

experiments.  Any residual presence of spontaneous fluctuations can then be addressed at the 

level of data analysis.  To better understand these spontaneous fluctuations, we have collected 

and analyzed control trials in the same manner as stimulation trials and found that their presence 

can be substantial in magnitude and areal extent despite the averaging across many trials (Fig. 

Figure 9.  Suprathreshold and subthreshold neuronal activity recorded through 13.5 sec after 

onset of 1-sec stimulus.  TOP HALF: Data from the supragranular layer at the Initial Dip 

Peak-Location of a representative rat are provided to illustrate that suprathreshold (PSTH) and 

subthreshold (LFP) neuronal activity, recorded simultaneously from the same electrode, was 

followed for many seconds after stimulus delivery.  Stimulus bars indicate the 1-sec delivery 

of 5 Hz whisker C2 stimulation, and arrows indicate the approximate time after stimulus onset 

when Area-Max is achieved for the ISOI undershoot phase.  Other than the obvious round of 

evoked suprathreshold and subthreshold neuronal activity occurring during stimulus delivery, 

note the lack of a second round of increased activity for both the PSTH and LFP for the 

interval between stimulus offset and up to 13.5 sec after stimulus onset, including within a 

few seconds prior to the Undershoot Area-Max time point.  BOTTOM HALF: Control data 

from the same recording location in the same rat are provided to illustrate that no occurrences 

of spontaneous activity were observed with similar magnitudes as those of evoked activity for 

either the suprathreshold (PSTH) or subthreshold (LFP) recordings.  (Modified with 

permission from Chen-Bee, C.H. et al., J. Neurosci., 27, 4572, 2007.) 
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10).  Fortunately, these spontaneous fluctuations are nonspecific both in the temporal and spatial 

domains, making them distinguishable from stimulus-evoked intrinsic signal spontaneous 

fluctuations have also become a topic of major interest in the fMRI field (Fox and Raichle, 

2007). 

Contributions from surface blood vessels within the imaged cortical region can also be 

time-locked to stimulus delivery (Grinvald et al 1986; Chen-Bee et al 1996; McLoughlin and 

Blasdel 1998; Sheth et al 2004; Vanzetta et al 2005) and thus the averaging of stimulation trials 

is not effective in minimizing them.  The degree of vessel contributions can depend on the 

illumination wavelength used (Grinvald et al 1986; Sheth et al 2004; Vanzetta et al 2005, to 

name a few), but vessel contributions typically follow a slower time course as compared to 

stimulus-evoked intrinsic signal (Chen-Bee et al 1996; Sheth et al 2004; Vanzetta et al 2005).  

Thus, vessel contributions can be minimized by limiting analysis to only data collected soon 

after stimulus onset (see Fig. 11 for example of data collected < 1.5 s after stimulus onset). 
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Figure 10.  Visualizing 13.5 sec of ISOI control (no stimulation) data across 60 rats.  Images 

of ISOI intrinsic signal in 500-msec frames are provided for control trials (one row per rat) 

that were randomly interlaced with stimulation trials.  A total of 64 control trials were 

collected per rat for the first 24 rats, whereas 128 trials were collected for the remaining 36 

rats.  Grayscale, 5mm scale bar, and neuroaxis apply to all images. Overshoot and/or 

undershoot fluctuations in intrinsic signal area were observed in control trials that were 

collected randomly with stimulation trials, although these fluctuations did not exhibit 

stereotypical characteristics such as time of Area-Onset, Area-Max, or Area-Offset.   

(Modified with permission from Chen-Bee, C.H. et al., J. Neurosci., 27, 4572, 2007.) 
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4.3 Additional considerations 

 

 Other considerations have arisen during our recent characterization of the three ISOI 

signal phases (Chen-Bee et al., 2007), where research interest is no longer restricted to just the 

initial dip.  Although discussed within the context of characterizing three signal phases, these 

considerations are also relevant for other imaging studies where a comparison between different 

signal phases can be exchanged for research questions such as comparing between different 

treatment conditions, before vs. after a manipulation, etc. 

Figure 11.  Separating intrinsic signal contributions from the ISOI initial dip phase vs. those 

overlying surface blood vessels.  (A) The imaged area within the left cortex of an adult rat as 

imaged through a thinned skull.  Dark streaks correspond to large blood vessels found on the 

cortical surface or dura mater.  Orientation and scale bar apply to all panels.  (B) Array of 

intrinsic signals evoked by 5 Hz stimulation of whisker D1 for 1 s from a collection of 128 

trials.  Increasing intrinsic signal (i.e., decreasing light reflectance) is plotted as upgoing 

(downward pointing scale bar = 1 x 10
-3

), with each plot corresponding to the 4.5 s time 

course as averaged for the underlying 0.46 mm x 0.46 mm area.  The region exhibiting an 

increase in the initial dip phase of the intrinsic signals overlying the cortical tissue is located 

in the lower center of the total imaged area, with a concurrent but slower increase in intrinsic 

signals overlying nearby large surface blood vessels (upper center).  (C) Images of evoked 

intrinsic signals in 500 msec frames from same data presented in (B).  Each image was 

generated after dividing a given post-stimulus frame (indicated at top left of each image; 0 s = 

stimulus onset) by a frame collected immediately prior to stimulus onset and applying an 8-

bit, linear grayscale map to the processed data so that increased intrinsic signal greater than –

1.5 x 10
-4

 is mapped to a grayscale value of black.  Evoked ISOI initial dip intrinsic signal 

overlying the cortical tissue (black patch in lower center) is present starting 0.5 s post-

stimulus onset and remains elevated through 2.0 s post-stimulus onset before diminishing in 

strength.  In contrast, evoked intrinsic signals overlying large surface blood vessels (black 

streaks in upper center) follows a slower time course, with minimal activity present 1.0 s post-

stimulus onset that increases and remains elevated past 2.5 s post-stimulus onset.  (D-E) 

Visualization of evoked initial dip intrinsic signals collected either 0.5 up to 2.5 s (D) or 0.5 

up to 1.5 s (E) post-stimulus onset.  The resultant image for 0.5 up to 2.5 s (D) or 0.5 up to 1.5 

s (E) post-stimulus onset is equivalent to averaging all four frames or the first two frames 

shown in (C), respectively (each frame has been divided by the frame collected immediately 

prior to stimulus onset).  When data processing includes the time epoch of 0.5 up to 2.5 s 

post-stimulus onset (D), evoked intrinsic signals overlying both the cortical tissue (black 

patch in lower center) and large surface blood vessels (black streaks in upper center) are 

visualized.  However, data processing of the shorter post-stimulus time epoch (E) generates an 

image of evoked initial dip intrinsic signals overlying the cortical tissue with limited presence 

of evoked intrinsic signal overlying the large surface blood vessels.  Gray scale bar applies to 

all figures (C-E).  (Modified with permission from Chen-Bee, C.H. et al., J. Neurosci. 

Methods, 97, 157, 2000.) 
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When trying to quantitatively characterize and compare between the three phases of the 

ISOI signal, one consideration is what criteria to employ in deciding which post-stimulus time 

epoch to use per phase for quantification.  As illustrated in Figs. 5 and 11, a set of criteria is used 

to identify the typical time epoch used for the quantification of the ISOI initial dip, which took 

into consideration such aspects as time of signal onset and peak relative to stimulus onset as well 

as total signal duration.  In the case where the three ISOI signal phases are quantified (or three 

different treatment groups, before vs. after a manipulation, etc.), it is more challenging to 

identify one set of criteria that can be readily applied to all the three phases because these phases 

substantially differ in their times to signal onset and peak as well as their total durations.  A 

relatively unambiguous option is to analyze the data collected within a short time epoch (e.g., 

single 500 msec frame) containing the maximum evoked area for each of the three signal phases, 

respectively, for quantification of such parameters as the areal size of the maximum evoked area, 

peak magnitude within the maximum evoked area, and peak location within the maximum 

evoked area (Chen-Bee et al., 2007).  If it is necessary to redefine the time epoch to be used for 

quantifying the ISOI initial dip, then it should be noted that there are implications for analysis 

related to peak location.  It may be that the location of peak activity can vary depending on 

which time epoch is used for quantification.  At the very least, for the initial dip, we have 

explicitly confirmed that the location of peak activity is comparable when using the standard 

time epoch of 0.5 up to 1.5 s after stimulus onset vs. the 500 msec frame containing the 

maximum evoked area (see (Chen-Bee et al., 2007) for more details).   

In regards to quantifying the size of the evoked area, another consideration is the set of 

absolute thresholds available for use that can be applied successfully to all three phases.  In this 

particular situation, a large difference in amplitude exists between the three signal phases 

(strongest phase is ~3X that of the weakest phase).  Hence, it is likely that only a narrow range of 

thresholds can be applied simultaneously to the three signal phases, where they are neither too 

high for the successful quantification of the weakest signal phase nor too low for the strongest 

signal phase.  Interestingly, the use of a normalized threshold such as 50% peak magnitude may 

not be a viable option: we found that thresholding at 50% peak magnitude led to results where 

the smallest area was obtained for the signal phase with the strongest peak amplitude (overshoot 

phase; see Fig. 8a inset), results which are in sharp contrast to the known largeness of the 

overshoot phase for both ISOI and fMRI signal (Logothetis and Pfeuffer, 2004).  Presumably, 

the conflicting results obtained when thresholding with the 50% peak magnitude is due to the 

large difference in amplitude between the three ISOI signal phases (for a more detailed 

description of the effects on areal extent quantification when using a threshold normalized to 

peak magnitude please refer to (Chen-Bee et al., 2000). 

Another consideration when quantifying the size of the evoked area is the usefulness of 

processing pre-stimulus data as a means to extrapolate a trend in baseline activity.  It has proved 

useful when quantifying the ISOI initial dip, a signal phase whose peak magnitude occurs within 

2 sec after stimulus onset.  However, it is unlikely capable of correctly extrapolating baseline 

activity over a course of several to many seconds, as would be necessary in the case for 

quantifying the ISOI overshoot and undershoot phases whose peak magnitudes occur 

approximately 4 and 8 seconds, respectively, after stimulus onset.  Indeed, as illustrated in Fig. 

10, large magnitude fluctuations in intrinsic signal activity are observed within 10+ seconds 

despite the averaging across many trials.  When there is no acceptable alternative method to 

extrapolate baseline activity levels, an absolute value of 0 can be used for baseline purposes.  In 
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recent years, we have exclusively used the absolute value of 0 for baseline purposes even for 

imaging experiments when only the ISOI initial dip is quantified. 

Lastly, an important consideration for ISOI as well as other functional imaging methods 

is how to define a reliable criterion for choosing an appropriate activity threshold level for areal 

extent quantification of evoked activity areas.  This is a major concern as choosing different 

activity thresholds can result in dramatic differences in the final quantification of the exact same 

activity area (Fig. 5).  However defined, at the very least the criterion should help identify a 

threshold that will reliably reflect the underlying area of activated neurons.  So far, current 

thresholding methods (including ours as described above) are arbitrary and therefore not 

explicitly validated with some known correspondence with a specific level of neuronal activity.  

Functional imaging in general would benefit from a calibration process of functional images 

based on simultaneous imaging and neuronal recordings where the appropriate threshold could 

be identified based on maximal correspondence between the imaging-based vs. neuronal-based 

activity area.   

 

 

4.4 Imaging cortical plasticity 

 

Plasticity in the cortex can occur at many scales: synaptic, neuronal, neuronal circuits, 

columnar organization, and functional representations of peripheral organs (see (Xerri, 2008) for 

a recent review).  Because it excels in high spatial resolution functional imaging of columnar 

systems and functional representations of peripheral organs (e.g., whisker), ISOI is ideally suited 

for studying plasticity at these levels, and is typically applied for quantitative assessment of 

changes in such maps before and after a manipulation.  The ability to image functional 

organization and plasticity through the skull adds an important advantage to the study of 

plasticity as it allows data collection that is non-invasive to the underlying cortical tissue.  In 

addition, such non-invasive approach (to the brain) is especially advantageous to study plasticity 

because each animal can be imaged repeatedly over time, before, during and after a manipulation 

(chronic imaging) to the imaged cortical system and therefore every animal can serve as its own 

control, a powerful experimental design for plasticity research.  Fig. 12 shows an example of a 

surprising plasticity that was revealed by ISOI using repeated imaging on the same animal.  It 

should be noted that Bonhoeffer and colleagues have published impressive studies on the use of 

chronic imaging to study visual cortex plasticity in the developing and adult mouse (Hofer et al., 

2006); (Keck et al., 2008).  Also, researchers working with primates have developed ingenious 

solutions, such as the use of artificial dura, to be able to record chronically from the primate 

brain, and have achieved impressive long term chronic imaging durations (year or more) using 

such solutions (Slovin et al., 2002); (Chen et al., 2005).  
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While a main goal of the present chapter is to emphasize the advantages offered by ISOI, 

we are also appreciative of the advantages offered by the more traditional techniques used to 

study plasticity.  In fact, there are several types of questions regarding cortical plasticity that can 

be answered only by using traditional techniques such as single-unit recording techniques.  

Whenever possible we attempt to apply as many techniques to the same animal when pursuing 

the characterization of plasticity and its underlying mechanisms.  We feel that the use of an 

imaging technique such as ISOI is an optimal first step, as it provides a clear image of the 

„macro‟ or population vantage point of cortical activity and can follow cortical plasticity within 

the same animal.  The functional images obtained with ISOI can then be used to guide the 

precise placement of microelectrodes for neuronal recordings, micropipettes for injection of 

neuronal tracers and/or iontophoresis of drugs and microdialysis probes at „hot spots‟ of activity, 

areas of reduced activity, and areas of no activity.  Recently, two-photon microscopy and ISOI 

have become a popular powerful combination.  Consequently, the investigator can benefit from 

using the optical activity imaging map to ask more targeted questions about the physiology, 

Figure 12.  Plasticity of the spared whisker‟s functional representation is bidirectional 

depending on whisker use, and reversible upon restoration of normal sensory input.  

Unfiltered ratio images are provided from a sensory-deprived animal that remained in its 

home cage (top row) or was given an opportunity for behavioral assessment (bottom row), 

either before deprivation (“Before”), after 28 days of deprivation (“After”), and after 28 days 

of whisker regrowth (“Regrowth”).  Ratio values are converted to grayscale values in which 

the prestimulus baseline is shown as gray and the black and white values on the grayscale bar 

are set to a decrease or increase of ±2.5 x 10
-4

 from baseline values respectively.  Scale bar =1 

mm and applies to all images.  Note that the two representative rats differed in the direction of 

plasticity of their whisker representations after sensory deprivation but were similar in that 

their whisker representations are nearly restored to predeprivation levels following regrowth 

of the whiskers.  (Modified with permission from Polley, D.B. et al., Neuron, 24, 623, 1999.) 
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anatomy and/or pharmacology underlying cortical plasticity.  Thus, the optical map of activity 

can be seen as a central component of a multidisciplinary approach to the study of cortical 

structure and function and their relationships and their plasticity. 

 

 

 

5. Current Trends and Future Directions  

 

Increasingly sophisticated techniques are continuously developed to improve ISOI 

including those aimed at reducing biological noise embedded in the data or aimed at improving 

data analysis.   Examples include the use of wavelet analysis (Bathellier et al., 2007), Fourier 

optical imaging (Kalatsky and Stryker, 2003);(Kalatsky, 2009), the use of principal component 

analysis (Gabbay et al., 2000); (Carmona et al., 1995) together with blind separation of sources 

(Stetter et al., 2000); (Schiessl et al., 2000);(Schiessl et al., 2008) independent component 

analysis (Siegel et al., 2007); (Reidl et al., 2007)and local similarity minimization (Fekete et al., 

2009), each of these techniques have their own advantages and limitations and their continuous 

refinement is promising.  ISOI excels in its 2-D resolution but not its depth resolution and could 

therefore benefit from an improved ability to resolve signals from different depths of the cortex.  

The first successful steps towards realization of this promising direction have already been taken 

(Hillman et al., 2007).  Another promising direction lies in the potential development of a 

multipurpose imaging system that combines the advantages of ISOI with the advantages offered 

by other imaging techniques.  Combining the high-resolution spatial maps obtained with ISOI, 

for example, with the high temporal resolution offered by dye-based optical imaging (e.g., 

voltage sensitive dyes, calcium indicators), and the detailed images of neuronal structure and 

function provided with multi-photon imaging, will allow researchers to address questions 

regarding the integrative operation of cortex on multiple spatial and temporal scales, obtained 

from the same cortical area.  The key advantage of a common platform is the ability to precisely 

co-register results obtained by the different imaging methods and therefore gain insights that are 

difficult to gain by using only one technique per animal.   

Finally, a most desirable direction for mapping functional organization and plasticity of 

cortex is to be able to use ISOI in a non-invasive fashion in freely behaving animals.  This will 

enable imaging of cortical activity on a continuous basis without the need for anesthesia.  

Ideally, the camera chip is placed directly on animal‟s thinned skull and transmits the optical 

data to the host computer by telemetry, but flexible light-guides that connect to a camera and 

therefore do not restrain the animal‟s movement could also serve this purpose.  As prices of the 

CCD and CMOS chips drop and the trend of miniaturization of electronic circuits that can 

support such imaging continues, the ability for long-term real-time imaging of cortical function 

and plasticity within the same freely behaving animal may be realized in the near future, as it has 

already been realized for the case of voltage-sensitive dye optical imaging ((Ferezou et al., 2006; 

Ferezou et al., 2009)). 
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