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SUMMARY
Intrinsic optical signal (IOS) imaging is a technique for

measuring changes in blood flow, metabolism, and cellular
swelling associated with neuronal activity. The combined spa-
tial and temporal resolution, in addition to the ability to sample
large areas of cortex simultaneously, make it a powerful tech-
nique for brain mapping. IOS has only recently been applied
systematically to the study of epilepsy. This chapter will explore
the utility and feasibility of mapping interictal spikes, ictal
onsets, offsets, and horizontal propagation using IOS imaging
in acute and chronic animal models of epilepsy. The imple-
mentation of IOS imaging in the operating room during neuro-
surgical procedures will be discussed as well as technical
challenges that currently restrict this translational work to a
very few centers.
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1. BACKGROUND
1.1. HISTORICAL BACKGROUND AND PHYSIOLOGICAL

ORIGIN OF THE INTRINSIC OPTICAL SIGNAL
Intrinsic optical changes in neural tissue were first observed

by Hill and Keynes (1; see also refs. 2 and 3) in response to an
applied train of stimuli and later in response to single electrical
stimuli (4; see ref. 5 for review). Only recently, however, has
the intrinsic optical signal (IOS) been systematically applied to
the study of the nervous system. A decrease in light reflectance
has been shown to correlate spatially with increased electro-
physiological activity (6–8).

The IOS has several distinct advantages: first, it offers high
spatial resolution, to a level of approx 50 µm (7, 9). In contrast,
the spatial resolution of functional magnetic resonance imag-
ing (fMRI) is 1 mm (10). Second, because it does not involve

the application of potentially phototoxic dyes, it is a minimally
invasive technique and thus well suited to applications involv-
ing the intraoperative imaging of human patients or long-term
in vivo animal studies. In contrast to voltage-sensitive dyes and
calcium-sensitive dyes, however, the time-course of the change
in light reflectance is considerably slower than the time-course
of single action potentials or field potentials (11,12). This sug-
gests that the intrinsic signal demonstrates physiological
changes caused by the underlying electrophysiology rather than
reflecting the electrophysiology itself (11,12).

The IOS derives from changes in the light absorbance prop-
erties of electrophysiologically active neural tissue, caused by
focal alterations in blood flow, oxygenation of hemoglobin,
and scattering of light (13,14). The amplitude and time-course
of the IOS are dependent on the wavelength of incident light
(13,14). Multiwavelength imaging in striate cortex during
visual activation has demonstrated that the IOS recorded at
different wavelengths represents separate cortical processes,
each associated indirectly with neuronal activity. Around the
isosbestic wavelengths of hemoglobin, roughly 480–590 nm,
the signal is most sensitive to blood volume (13). At higher
wavelengths, from 600–650 nm, the signal is dominated by the
oxygenation state of hemoglobin. Finally, at wavelengths
greater than 660 nm, the light-scattering component created by
fluid shifts becomes dominant (14). Although the signal is never
“pure,” and at each wavelength there are contributions from
each component, a high spatial correlation with neuronal activ-
ity has been well demonstrated in multiple animal preparations
in various regions of cortex.

The exact physiological components of the IOS recorded at
each wavelength are not yet fully understood. There is general
agreement that as neurons become activated, they increase their
metabolic demand causing an increase in the concentration of
deoxyhemoglobin (14–16). This “initial dip” in local oxygen-
ation is spatially highly colocalized with neuronal activity and
begins within 100 ms of neuronal activation (13). Simulta-
neously, the opening of sodium, potassium, and calcium chan-
nels causes a change in the volume of cells and the extracellular
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fluid as well as swelling of glia, which buffer extracellular
potassium. These fluid shifts are also spatially well colocalized
with neuronal activity. Approximately 300–500 ms later, the
arterial microvasculature begins to dilate and cause an increase
in blood volume, which is not as well localized with neuronal
activity (14). Finally, between 0.5 and 1.5 s later, there is an
activity-dependent increase in blood flow that delivers oxygen-
ated blood to the area. This increase in blood flow causes an
increase in oxygenation because the incoming oxygenated
hemoglobin overwhelms the metabolic needs of the neurons
(17). This later component causes an inverted optical signal in
the larger blood vessels and is the basis of the blood oxygen
level-dependent (BOLD) signal imaged with low-tesla fMRI
(i.e., 1.5 T; refs. 15,16,18). Colocalization of this process with
neuronal activity is less precise and often seen in the draining
veins (16).

1.2. USE OF THE IOS IN IMAGING FUNCTIONAL
ARCHITECTURE

Because of its high spatial resolution and slow time course,
the IOS was initially applied to the mapping of functional archi-
tecture in the cortex. In this arena, the IOS proved spectacularly
successful. In fact, it was using this technique that it was first
demonstrated that iso-orientation domains in the cat visual
cortex are arranged in a pinwheel-like structure (7). Numerous
other studies have since been conducted in the visual cortex
using the IOS in the mouse (19), cat (6,20–23), ferret (24–27),
tree shrew (28,29) and nonhuman primate (30,31). Because the
signal is extremely small (~0.1%), these studies rely on signal
averaging and trial repetition to improve the signal-to-noise
ratio. In general, trials in which the cortex is activated by a
known stimulus are divided by, or subtracted from, trials with-
out activation (32). Novel techniques for image processing such
as Fourier transform (FT) and principal component analysis
(PCA)-based methods are also being investigated to eliminate
the need for image division (33,34).

Figure 1 shows the orientation columns and ocular domi-
nance columns imaged from a ferret. In such a typical func-
tional architecture study, images are taken from the exposed
cortex of the ferret while it is viewing moving gratings at dif-
ferent angles on a video screen through each eye while the other
eye is covered. To map the areas that respond to a given orien-
tation, the IOS obtained during stimulus with a given condition
(grating at a certain angle) is divided by a signal averaged from
the responses of the animal to a variety of stimuli (gratings at
all different angles, the so-called “cocktail blank”). Ocular
dominance columns are obtained by dividing all images
acquired when one eye is open by those acquired when the other
is open.

Other regions of functional cortex, ranging from the rodent
barrel cortex (13,35–37) to somatosensory cortex in the nonhu-
man primate (38–40) have been mapped as well. Technical
advances in the development of an “artificial dura” have made
chronic imaging of awake, behaving animals a reality (41).

1.3. USE OF IOS FOR IMAGING DYNAMIC EVENTS:
FROM SPREADING DEPRESSION TO EPILEPSY

In addition to its use in mapping static functional architec-
ture, however, the IOS also can be used for the study of dynamic
events. The critical difference between imaging static architec-

ture and dynamic processes is that multiple trials cannot be
averaged together. Events such as spreading depression and
seizures are not only dynamic, in that they move across the
cortex over time, but sequential events are not necessarily ste-
reotypical and can spread along different pathways and at dif-
ferent rates. Because events cannot be averaged, the signal
would be very difficult to see using image division techniques
if it were the same size as physiologic sensory activation. Luck-
ily, the IOS associated with spreading depression, interictal
spikes, and ictal events is anywhere from 5 to 500 times as large
as found with physiologic sensory activation. Even so, averag-
ing is occasionally possible, even with dynamic events, as in
the case of certain models of interictal spiking, as will be dis-
cussed below.

1.3.1. Spreading Depression
Cortical spreading depression (CSD), first studied by Leão

(42,43), consists of a sharp drop in the DC potential (“DC shift”,
typically 10-20 mV) that spreads across the cortex at a rate of up
to 10 mm/min (44) and also can be accompanied by a depression
of the EEG and suppression of evoked potentials (42,43). CSD
can occur in response to noxious stimuli such as direct mechani-

Fig. 1. Optical imaging of intrinsic signals reveals the functional ar-
chitecture in ferret visual cortex. (A) Blood vessel pattern of the sur-
face of the visual cortex imaged at 546 nm. (B) The angle map is
generated by color-coded vectorial summation of each single condi-
tion (0, 45, 90, 135, 180, 225, 270, 315, and 360°) map on a pixel-by-
pixel basis. (C) Ocular dominance columns are obtained by dividing
images acquired with one eye covered by those acquired with the
other eye covered. Imaging performed at 707 nm. Scale bar, 1 mm.
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cal injury (42,43,45,46), application of glutamate (47), elevated
potassium (48), electrical stimulation (43), or hypoxia (49).

CSD has been studied with IOS imaging in the visual system
(50), rat hippocampal slices (51,52), and the rat neocortex in vivo
(46,53). The initial CSD-related IOS response consists of a
decrease in light reflectance in vivo (often observed as an increase
in light transmittance in slice experiments). This is followed by
a sharp rise in reflectance (decrease in transmittance) that propa-
gates in a wave-like fashion through the tissue; the leading edge
of this “wave” coincides spatially with the DC shift (49,51).

1.3.2. Epilepsy
Epilepsy is a chronic neurological disease that affects as

much as 2% of the population with recurrent seizures (54).
Seizures, or “ictal events,” consist of the paroxysmal, synchro-
nous, rhythmic firing of a population of pathologically inter-
connected neurons capable of demonstrating high-frequency
oscillatory activity called “fast ripples” (250–500 Hz; refs. 55–
57), synchronized by axo-axonal gap junctions, field effects or
interneurons (58–60). These events are caused by an imbalance
in excitatory and inhibitory mechanisms leading to both
hypersynchrony and hyperexcitability (61). The role of inhibi-
tion in the etiology of epileptiform events, however, is contro-
versial and quite relevant to optical imaging studies. Because
epileptiform activity is characterized by a hyperexcitable,
hypersynchronous state, classic hypotheses often supposed a
decrease in inhibitory tone in the region of the epileptic focus.
In agreement with this theory, administration of GABA-A
antagonists such as penicillin or bicuculline induces acute epi-
leptiform events in vitro and in vivo (62–70). Likewise, losses
of several subtypes of interneurons are reported in both experi-
mental and human temporal lobe epilepsy (71). However, there
is a great deal of evidence that inhibitory mechanisms are func-
tionally unaltered or even increased in several non-lesional
chronic in vivo and in vitro models (72–76), as well as human
epileptic tissue, studied both in vivo and in vitro (73,77,78).

The role of inhibitory processes in the prevention of epilep-
tic events also is unclear. In certain models of acute epilepsy,
electrophysiologic recordings from brain surrounding the epi-
leptic focus demonstrate upregulated inhibition, the so-called
“inhibitory surround.” First described by Prince in the acute
disinhibition model , the inhibitory surround develops several
minutes after the initiation of bursting in the focus and was
thought to be generated by long-range horizontal inhibitory
connections, presumably mediated by basket cells, which are
recruited by bursting cells in the focus (79–83). Alternatively,
long-range horizontal excitatory connections recently have
been shown to powerfully recruit local inhibitory circuitry in
response to focal repetitive stimulation in tangential slices
(84,85). Surround inhibition has been hypothesized to play a
role in preventing interictal to ictal transition, secondary gen-
eralization of focal ictal events, and may explain the profound
interictal focal hypometabolism/hypoperfusion found in most
functional imaging studies performed in chronic human epi-
lepsy (72,82,86). Although not well-described in human epi-
lepsy or experimental chronic models of epileptogenesis, more
recent experimental evidence demonstrates an inhibitory sur-
round restricting the size of cortex capable of generating fast
ripples in the hippocampus of kainate treated rats (56).

When seizures are not occurring, surface recordings from
patients with chronic epilepsy, or intracortical field potential
(f.p.) recordings adjacent to experimentally induced epilepsy
in laboratory animals, show abnormal paroxysmal events in a
large population of neurons called interictal spikes (IIS). The
IIS generally consists of a high amplitude surface negativity
(1–5 mV) lasting 50–200 ms followed by a slow wave with no
behavioral correlate (87). The intracellular event underlying
the IIS, explored in a variety of animal models, consists of a
large paroxysmal depolarizing shift (PDS) with a superimposed
burst of action potentials that occurs in a variable percentage of
the adjacent neurons depending on the etiology of the epilepsy,
followed by an afterhyperpolarization (62,88–92). The transi-
tion to an ictal event, or seizure, occurs when the afterhyper-
polarization gradually disappears and is replaced by further
depolarization (88,89).

1.3.3. IOS Imaging of Neocortical Epilepsy
Because epileptiform events involve synchronous activity

in a large population of neurons with associated changes in
blood flow, metabolism, and shifts in extracellular ions and
fluids, the associated IOS should be enormous. In fact, Wilder
Penfield, a pioneer epilepsy neurosurgeon, commented in the
1930s that he could grossly perceive focal dilation in local
vasculature associated with neocortical seizures in the operat-
ing room with the naked eye (93). IOS imaging has been applied
to the study of epileptogenesis in the slice preparation (94–97),
isolated guinea pig whole brain (98), in vivo rat (99), ferret
(100), nonhuman primate (101), and human (102). The first
report of using IOS imaging to map epilepsy in vivo was per-
formed in humans by Haglund et al. in 1992 (102). They trig-
gered afterdischarges with a bipolar stimulating electrode and
optically recorded the IOS at 610 nm. In addition to noting the
large amplitude of the signal, they described an “inverted”
optical signal recorded from the adjacent brain, which was
hypothesized to represent either surround inhibition or shunt-
ing of blood flow from adjacent cortex. The first report of in
vivo imaging of pharmacologically induced spontaneous (not
electrically triggered) epileptiform events with simultaneous
electrophysiological monitoring was by Schwartz and Bon-
hoeffer (100). In their study in ferret visual cortex at 707 nm,
both interictal and ictal events were induced pharmacologi-
cally. With simultaneous field potential recordings, the precise
time and morphology of the epileptiform event was correlated
with the optical signal. They also confirmed the inverted opti-
cal signal from surrounding cortex and demonstrated a decrease
in neuronal activity with single-unit recordings. In this work,
they also described the first imaging of a mirror focus in con-
tralateral homotopic cortex. Chen et al. (99) reported IOS imag-
ing of penicillin-induced seizures in the rat and raised the
possibility that the IOS may be able to predict seizure onset
as early as 1 min before an electrographic event, which has not
been confirmed by other groups. Finally, Schwartz (27) reported
simultaneous optical imaging of epileptiform events and func-
tional architecture in ferret visual cortex.

1.4. THEORETICAL BASIS FOR CLINICAL UTILITY OF
IOS IMAGING IN THE TREATMENT OF EPILEPSY

The epilepsies are categorized based on the location of the
region of brain involved at the onset of the seizure. Focal or
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“partial” seizures begin in localized, abnormal areas of the
brain. These epileptic events can secondarily generalize by
propagating through more normal areas and sequentially
recruiting additional neuronal populations. Currently, the only
known cure for epilepsy is surgical removal of the epileptic
focus. It is estimated that there are more than 100,000 currently
untreated surgical candidates with partial epilepsy with 5000
new candidates each year (103). Partial epilepsies can start in
either the medial temporal lobe structure or the neocortex.
Surgery is only curative in partial epilepsy, and the key to suc-
cessful outcome is the ability to localize the epileptic focus.
IOS imaging is most useful in imaging the neocortex since it is
easily exposed and hence only neocortical epilepsy will be
discussed in this chapter.

The current gold standard in mapping epilepsy uses
electrophysiologic recordings from the surface of the brain.
Surface electrographic techniques such as electroencephalo-
graphy (EEG) and electrocorticography (ECoG) record field
waves generated by membrane currents of coactive neurons
passing though the extracellular space. These field potentials
reflect the linear sum of fields generated by current sources
(current from the intracellular space to the extracellular space)
and sinks (current from the extracellular space to the intracel-
lular space; ref. 104). The predominant sources of these fields
are slow synaptic and nonsynaptic events. Because the prin-
ciples of field recording are based on volume conduction, and
the cortex can be modeled as a convoluted dipole layer (105),
the relationship between the size of the potential at a given
point and the distance of the point from the generator is not
straightforward. This severely undermines the localizing
value of field recordings (105). In addition, differentiating
volume conduction from neurophysiological propagation
with surface recordings is quite difficult (106). Action poten-
tials contribute little to field recordings unless the electrode is
in very close proximity to a large population of synchronously
bursting neurons. However, simultaneous extracellular and
surface recordings from models of chronic epileptogenesis have
shown that surface recording techniques do not localize the
activity of bursting “epileptic” neurons. Hence, surface spikes
may be a propagated phenomenon only loosely co-localized
with the epileptogenic region (90).

This raises the intriguing possibility that IOS imaging may
actually be a better, or at least complementary, technique for
localizing the epileptic focus and thus may potentially help
guide surgical resections. Preliminary evidence for this conclu-
sion was reported by Schwartz and Bonhoeffer (100), who
found that the surface ECoG was insensitive to interictal spikes
that could be recorded with both a local field potential and IOS
imaging. Likewise, the report by Chen et al. (99) that IOS may
be a useful predictor of epileptiform events increases the poten-
tial clinical utility of the technique. Optically recorded changes
in cytosolic free calcium in vivo were also noted approx 20 s
before electrophysiological events, further supporting the
notion that optical imaging techniques may be more sensitive
to pre-epileptiform events and useful in predicting seizure on-
set (107).

In the remainder of this chapter, we will present recent
advances in the imaging of interictal and ictal events in vivo in

the ferret and rat (Subheading 2) and discuss the current state of
the use of IOS imaging for intraoperative human imaging (Sub-
heading 3). Our focus will be the work done in our laboratory.

2. OPTICAL IMAGING OF ANIMAL MODELS
OF EPILEPSY

2.1. BACKGROUND
Because the bulk of the experiments in this study were per-

formed on animal models of epileptogenesis, it will be helpful
to review our current understanding of the pathophysiology of
those models relevant to this study. Because few animals
develop spontaneous seizures, none of these models are fully
trustworthy as an imitation of clinical epilepsy (108,109).
However, each provides a well-controlled environment for
exploring different aspects of epileptogenesis. Acute models,
in particular, have been extensively studied but lack several of
the key components that characterize more chronic models and
human epileptogenesis . We use acute models to address ques-
tions regarding the relationship between the optical signal and
the underlying electrophysiology because they have been
extensively studied and their pathophysiology is well under-
stood. Chronic models are useful to investigate specific ques-
tions relevant to human epileptogenesis that cannot be studied
in patients for ethical reasons.

2.1.1. Acute in Vivo Rodent Models
Acute models of neocortical interictal events in the rodent

usually involve either the focal intracortical application of
GABA-A antagonists, such as penicillin or bicuculline
methiodide (BMI), or cryogenic injury (109,110). Neocortical
ictal events, however, can be precipitated either by application
of 4-aminopyridine (4-AP) or direct cortical stimulation pro-
ducing afterdischarges (111–113).

2.1.1.1. The Disinhibition Model
Intracortical injection of GABA-A antagonists induces ste-

reotypical IIS at a frequency of 0.2–0.7 Hz in many animals,
including the nonhuman primate, cat, ferret, rabbit, rat, and
mouse (62,64,100,109,110,114–116). Intracellular recordings
from within the focus reveal that a majority of neurons sampled
exhibit a paroxysmal depolarization shift (PDS) simultaneous
with the IIS recorded from the local f.p. (62–64,83). Intracel-
lular recordings from neurons at variable distances from the
center of the focus reveal varying degrees of activity ranging
from a sustained PDS in the center, to a truncated PDS at the
margin, to subthreshold EPSPs, to brief EPSPs, followed by an
IPSP and prolonged IPSPs in the surrounding cortex, repre-
senting the so-called “inhibitory surround” (81–83,117).
Whether surround inhibition is an essential component of the
epileptic focus or only found in the acute pharmacologically
disinhibited focus is controversial. Although the acute
disinhibited model of epileptogenesis has been historically the
most widely used model, it has several disadvantages. Although
there is some evidence that GABAergic circuitry and pharma-
cology may be reduced in human epilepsy, it is not necessary
for epileptogenesis and is even upregulated in many models
of chronic epileptogenesis (see Subheading 1.3.2.; ref. 72).
The intensity of the focus as manifested in the large percent-
age of neuronal participation in the IIS is not seen in neurons in
human foci studied with extracellular recordings during neuro-
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surgical operations (118–120). Likewise, the inhibitory sur-
round has not been described in either human or chronic models
of epileptogenesis, although few studies have directly exam-
ined this question (91,120).

2.1.1.2. The 4-AP Model
4-AP is a potent convulsant when applied to the neocortex

(121). It has many mechanisms of action, most of which act to
increase synaptic transmission. At doses less than 10 µM, it acts
by blocking slowly inactivating potassium currents (122) and
enhances the release of synaptic neurotransmitters (123,124).
At higher doses, it enhances calcium currents at synaptic termi-
nals (125). In contrast to its effect in the slice preparation, in
which interictal events are produced, application to the neocor-
tex in vivo generates tonic-clonic ictal electrographic seizures
(111,112,126). Events last anywhere from 60–300 s with
interictal periods of 5–20 min (111,112,126). Ictal events begin
focally at the point of application and spread horizontally in a
symmetric, reproducible fashion (100,127,128). In contrast to
interictal models, intracellular recordings reveal little correla-
tion between depolarizing potentials and surface paroxysmal
discharges (126). These findings are reminiscent of more
chronic models of epilepsy as well the human situation. The 4-
AP model is the best acute model of ictal events and is particu-
larly useful for examining the relative localization of ictal onset
versus offset as well as the relationship between the optical
recording and surface electrophysiological recording of hori-
zontally propagating seizures.

2.2. IOS IMAGING OF INTERICTAL SPIKES
We have performed IOS imaging of IIS using the acute dis-

inhibition model in both ferrets and rats. It was originally
unclear if such a slow signal like the IOS had sufficient tempo-
ral resolution to map the IIS, which spreads across the cortex at
a rate of approx 80 mm/s (67,129). In fact, the electro-
physiologic spread of the IIS is far too rapid to be resolved with
the IOS. However, as will be demonstrated, if the time between
each IIS is sufficient for the intrinsic signal to rise and fall back
to near baseline, and the lateral spread of each IIS is smaller
than the region of exposed cortex, the spatial extent of each IIS
can be easily resolved with the IOS.

2.2.1. Animal Surgery
For the ferrets, anesthesia was induced with a mixture of

ketamine (15–30 mg/kg i.m.) and xylazine (1.5–2.0 mg/kg i.m.)
supplemented with atropine (0.15 mg/kg i.m). After trache-
otomy, animals were ventilated with 60–70% N2O, 30–40%
O2, and 1.4–1.6% halothane (halothane was reduced to 0.8–
0.9% for the imaging) and placed in a stereotactic frame. End-
tidal CO2 was maintained at 3.2–3.8% and animals were
hydrated with 2 mL/kg/h dextrose/Ringer’s solution and para-
lyzed with intravenous gallamine triethiodide (30 mg/kg/h).
For the rat studies, adult male Sprague–Dawley rats (250–
375 g) were initially anesthetized with an intraperitoneal (i.p.)
injection of a cocktail of 90 mg/kg ketamine and 4.0 mg/kg
xylazine. After induction, the trachea was cannulated and an-
esthesia maintained with i.p. injection of 1.3 g/kg urethane.
Animals were placed in a stereotactic frame and hydrated with
i.p. 2 mL/kg/h dextrose/Ringer’s solution. Supplementary
anesthesia was administered on occasion as needed, depending
on the animal’s reflex response to a toe-pinch. Oxygen satura-

tion and end-tidal CO2 were monitored and kept constant at
100% and 3.5%, respectively. In both preparations, dexam-
ethasone (0.1 mg/kg; Steris Laboratories, Phoenix, AZ) and
atropine (0.5 g/kg; Atroject; Burns, Rockville, NY) were
administered subcutaneously. ECG and rectal temperature were
continually monitored and temperature was maintained at 37°C
by means of a homeothermic blanket system (Harvard Appara-
tus, Holliston, MA). For the ferrets, a craniotomy was per-
formed over visual cortex with a high-speed dental drill and the
dura was opened. For the rats, the skull was thinned and a small
hole made in the skull and dura over the hindpaw somatosen-
sory area (Fig. 2).

2.2.2. Electrophysiology and Epileptogenesis
Epidural ECoG was performed with two electrodes on either

side of the craniotomy, approx 5 mm from the epileptic focus.
In both preparations, two glass micropipets were advanced into
layers II-III with micromanipulators. One micropipet was filled
with 1% NaCl for field potential recording. A second micropi-
pette with a tip resistance of 4–6 MY, filled with a solution of
bicuculline methiodide (5 mM in 165 mM NaCl, pH 3.0), was
positioned less than 1 mm from the field potential electrode.
ECoG and f.p. signals were amplified, bandpass filtered (1–
100 Hz), and digitized at 200 Hz (ferret) or 2000 Hz (rat) and
recorded onto a PC.

Interictal foci were induced by iontophoresis of BMI using
a current of –15 to –20 nA for retention and +50 to +500 nA for
release depending on the resistance of the micropipette tip.
Positive currents were maintained until stereotypical IIS were
recorded (after ~5 min).

2.2.3. IOS Imaging
2% agar and a glass coverslip were placed over the cortex for

stabilization. For the ferret experiments, the brain was illumi-
nated by a halogen lamp filtered to 707 � 10 nm through two
fiberoptic light guides. For the rat experiments, illumination
was at 546 � 10 nm, 605 � 10 nm, 630 �10 nm, and 700 � 10
nm. In the ferret, the optical reflectance signal was recorded at
2 Hz with a cooled CCD camera (ORA 2001, Optical Imaging
Inc., Germantown, NY) equipped with a tandem lens (130),
focused approx 500 µm beneath the cortical surface. For the rat,
the optical signal was recorded with a 10-bit video camera
(Imager 3001, Optical Imaging Inc., Germantown, NY) at 10 Hz.

Image processing was done with custom software written
in either IDL (Research Systems, Inc) or MATLAB (The
MathWorks, Inc.) was used to generate the epilepsy maps.
Blank-divided (BD) maps were produced by dividing each
frame acquired during epileptic conditions from control im-
ages obtained with a negative holding current. Spike-triggered
(ST) epilepsy maps were obtained by dividing single frames
following the epileptic event by the single frame preceding the
event. These maps could be averaged over multiple events since
the IIS is so stereotypical. To determine the spatial extent of
each epileptiform event, we used the method of normalized
threshold analysis developed by Chen-Bee et al. (131) and oth-
ers (35,132). For a given set of images, the dynamic range of
pixel intensities (minimum to maximum) was determined. Each
pixel was then evaluated to determine whether it was a given
percentile of the dynamic range below the median pixel inten-
sity. The median was used instead of the mean because it is less
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sensitive to outliers. Note that this procedure also can be used
to determine the size of the region of increased light reflectance
(i.e., inverted optical signal in the putative inhibitory surround),
by evaluating which pixels are at a given percentile of the
dynamic range above the median. The determination of spatial
extent as just defined can be performed using any given percen-
tile of the dynamic range (“threshold”). With higher thresh-
olds, the criterion for determining whether a given pixel is part
of the seizure is more stringent, and thus as the threshold is
increased, the seizure will appear “smaller.” Hence, the calcu-
lated area is somewhat arbitrary.

2.2.4. Single Wavelength Imaging in the Ferret
In the first report of simultaneous electrophysiology and

IOS imaging of seizures in vivo, Schwartz and Bonhoeffer

(100) observed a clear change in reflectance of light associated
with each IIS (Fig. 3). As the IIS developed, and its amplitude
increased in size, the area, and magnitude of the change in
reflectance also increased. Figure 3 shows blank-divided maps
of an IIS focus developing in ferret visual cortex. A clear change
in reflectance of light can be seen after each IIS. Note that the
IIS is seen in the local f.p. but not in the adjacent ECoG.
Although the large amplitude of the signal makes imaging a
single IIS possible, by averaging over multiple spikes, with
spike-triggered image division, the signal-to-noise ratio is
improved and time-course of the optical signal is apparent (Fig.
4). The optical signal begins within 500 ms after the IIS and
peaks at 1 s (Fig. 4). These studies provoked the following
questions, which we explored in the rat. First, if the signal is

Fig. 2. Schematic diagram of the experimental setup for in vivo optical imaging in the rat neocortex. At bottom, the rat brain is exposed and
one side of the skull over the neocortex is thinned. A small hole is made in the thinned skull and the dura below, and a field potential electrode
is inserted, along with a second electrode, through which a pharmacological agent may be injected to cause ictal or interictal events. The field
potential signal is continuously recorded. Images are collected by the CCD camera placed and digitized onto a PC. A TTL pulse from the
imaging computer is fed into the computer that records the electrophysiology mark each frame acquisition, so that the imaging and the interictal
or ictal events can be temporally correlated during off-line analysis.
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apparent as early as 500 ms after the IIS, with faster imaging it
might be visible even sooner. This would be unusual because
the IOS is thought to be a slow signal, as demonstrated in the
functional architecture studies. Perhaps in epilepsy, the signal
is more rapid? Second, these ferret studies were only performed
at one wavelength and the relationship between the wavelength
of incident light and epileptiform events had not been explored.

2.2.5. Multiwavelength Imaging in the Rat
Figure 5 demonstrates each individual frame recorded at 10

Hz (100 ms/frame) using spike-triggered image division in rat
neocortex at four different wavelengths in the same animal.
What is immediately apparent is that the change in reflectance
occurs as early as 100 ms after the IIS, regardless of the wave-
length recorded. At 546 nm, the tissue darkening in the focus is
not seen in the blood vessels, and it takes longer to evolve and
appears to spread more widely. An inverted signal is appreci-
ated in the surrounding cortex. At higher wavelengths, the
darkening is more focal and there is an inverted signal in the
draining veins as well as the surrounding cortex. Also, at higher
wavelengths, the signal in the focus develops and dissipates

more rapidly. Figure 6 is a graphical representation of the
amplitude of the change in light reflectance in the focus and
surround as well as the extent of spread of the optical signal
recorded at each wavelength. As demonstrated in Fig. 6A, the
amplitude of reflectance change in the focus is greatest at 546
nm (0.4%; n = 7 rats) and least at 700 nm (0.05%; n = 9 rats).
When the data are normalized to amplitude, it is clear that the
signal increases earlier and more quickly at higher wavelengths
(Fig. 6B). A statistically significant change in light reflectance
(paired t-test, p < 0.05) is observed as early as 100 ms for four
rats at 546 nm, eight rats at 605 nm, seven rats at 630 nm, and
five rats at 700 nm (Fig. 6C). Likewise, the peak of the reflec-
tance change occurred 1–2 s after the IIS for 605 nm, 630 nm,
and 700 nm and 2–3 s after the IIS for 546 nm.

The amplitude and latency of the inverted optical signal in
the surround, on the other hand, was similar at different wave-
lengths (Fig. 6D), which can be seen even when normalized to
the maximal amplitude of the inverted signal (Fig. 6E). This
inverted signal peaked 1–2 s after the IIS for all wavelengths but
also was recorded as early as 100 ms after the IIS. A statistically

Fig. 3. (A) Simultaneous optical signal, f.p., and ECoG recording show that (B) each IIS has a spatially discrete optical correlate. Note that
(A) the ECoG, located beyond the limits of the optical signal, (B) does not record the interictal events supporting the conclusion that the optical
signal indicates the spatial limits of the electrophysiological event. (C) BD maps, each averaged over 1 min of recording (~ 21 spikes). During
the earliest, small amplitude IIS, the mean area of the focus for all experiments was 0.12 � 0.02 mm2, with a minimum of 0.08 mm2. The area
of the focus then increased in size during the next several minutes and finally stabilized at a mean size of 2.84 � 1.59 mm2, corresponding with
an increase in the amplitude of the f.p. spike. The area of the IIS was derived from the BD maps by thresholding to a pixel value one standard
deviation above the pixel values from the area of the focus during control conditions. Notice that the inverted optical signal in the surrounding
cortex also increases in intensity and area as the focus develops. Scale bar, 1 mm. (Reprinted with the permission of Nature Medicine.)
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significant change in reflectance in the surround (paired t-test, p
< 0.05) was observed at 100 ms for three rats at 546 nm, six rats
at 605 nm, five rats at 630 nm, and two rats at 700 nm (Fig. 6F).

Although in Fig. 5 the change in reflectance of light appears
more diffuse at 546 nm and more focal with increasing wave-
length, this was not always the case. Figure 6G demonstrates
the average area of spread of the change in reflectance in the
focus in all animals as a function of time. Although the IOS
signal spreads more rapidly at higher wavelengths, as seen in
the steeper slope of the curves at 605, 630, and 700 nm, the
maximal area (peak) is not significantly different between 546,
605. and 630 nm when averaged among animals (analysis of
variance [ANOVA]). The optical signal recorded at 700 nm,
however, was clearly more focal than the other wavelengths.

2.2.6. IOS of a Mirror Focus
In several animal experimental models of epilepsy, mirror

foci have been described in which an independent epileptic
focus develops in a homotopic location in the contralateral hemi-
sphere. Although not described in humans, the etiology likely
depends on cross-callosal kindling. In acute models of epilepsy,
rapid cross-callosal spread of epileptiform events has been

described (133,134). Schwartz and Bonhoeffer (100) investigated
this phenomenon optically. Using acute focal disinhibition with
BMI iontophoresis in ferret somatosensory cortex, the contralat-
eral homotopic area of cortex was imaged and spike-triggered
image division was performed based on the timing of the IIS that
occurred contralateral to the imaging. Figure 7 shows the results
of their experiments. A small epileptic focus could be seen opti-
cally in the cortex contralateral to the iontophoresis. Contralateral
hemisphere maps, triggered to ipsilateral spikes, showed a clear
increase in the optical signal during the first 0.5–1 s, with an aver-
age amplitude of 0.4 � 0.18% (Fig. 7). As expected from single-
unit recordings in homotopic foci (133,134), the optical signal was
smaller and slightly more delayed than the signal recorded ipsilat-
eral to a focus. Nevertheless a clear, well-circumscribed focus
could be seen, demonstrating that it is possible to visualize epilep-
tic events and detect a focus even if it is comparatively weak and
not directly caused by epileptogenic agents.

2.3. IOS OF ICTAL EVENTS
As described in Subheading 2.1.1.2, the 4-AP model is a

particularly useful acute model of ictal events for examining
the initiation, spread and offset of seizures as well as the rela-

Fig. 4. (A) The change in reflectance (-FR/R) as a function of time for the 0.5 s before and 3 s after each IIS is determined with spike triggered
image division. The error bars show standard deviation over 116 different spikes. The asterisk indicates the time of occurrence of the IIS. The
numbers in (A) correspond to the numbers in the panels of (B). The top left panel in (B) shows the location of the electrodes and the blood vessel
configuration. Subsequent images show spike-triggered epilepsy maps obtained by dividing each camera frame after the spike by the frame
prior to the spike (the “denominator frame”). Divided images are averaged more than 116 spikes. Averaging increases signal-to-noise ratio,
though maps can often be seen from a single interictal spike. Scale bar in (B) indicates 1 mm. (Reprinted with the permission of Nature
Medicine.)
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tionship between the optical recording at different wavelengths
and surface electrophysiological recording of horizontally
propagating seizures. Once again, it was initially not clear if the
IOS had sufficient temporal resolution to image the horizontal
spread of a seizure and whether the ictal onset zone (site of
initiation) could be determined prior to lateral propagation.

2.3.1. Methods
The animal preparation and surgical technique are identical

to the induction of IIS, except that a glass micropipette filled
with a solution of 25 mM 4-AP and attached to a Nanoject II
oocyte injector (Drummond Scientific, Broomall PA) was
positioned less than 1 mm from the field potential electrode.
Electrographic seizures were induced by the injection of 0.5 µL
of 4-AP (25 mM in 1% NaCl) into cortical layers II-III in incre-
ments of 50 nL. Once seizures were initiated, they were often
stereotypical in form (though exhibiting several different onset
morphologies, as discussed below), but varied in duration

between animals, from 60 to 300 s. The seizures occurred pe-
riodically at intervals of 5–20 min for up to 3 h.

2.3.2. IOS Imaging in Ferret Neocortex
Schwartz and Bonhoeffer (100) optically recorded the

spread of a 4-AP seizure through ferret visual cortex. They
reported that with a frame rate of 2 Hz, at 707 nm, the site of
initiation could be localized to a region as small as 1 mm2 (Fig.
8; ref. 100). This finding is significant because successful sur-
gery for epilepsy often requires the identification of the ictal
onset zone, which must be removed to eliminate seizures (135).
Because the rate of horizontal propagation was relatively slow,
the IOS appears to be an excellent technique to map seizure
propagation. The change in reflectance is almost ten times
larger for seizures (~50%) than for the IIS, so no signal averag-
ing is required. In fact, given the variability in the morphology
of each individual ictal event, signal averaging would eliminate
any inter-seizure variability. Technically, one can divide all

Fig. 5. Multiwavelength fast imaging of IIS. Averaging multiple spikes (100–200) with spike triggered image division at (A) 546 � 10 nm,
(B) 605 � 10 nm, (C) 630 � 10 nm, and (D) 700 � 10 nm demonstrate that the intrinsic signal change is evident within 100 ms of the IIS.
Note that although there is more blood vessel artifact at higher wavelengths, the intrinsic signal change also appears to be more focal. Draining
veins have an early inverted signal higher wavelengths. Examples of IIS field potential recordings are shown at the bottom of each panel. The
number at the bottom left of each image indicates the time after the spike occurrence, in units of milliseconds. Scale bar, 1 mm.
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images acquired during the seizure by a “blank” image taken
before the seizure onset, generating a “movie” of the seizure
(Fig. 8). Schwartz and Bonhoeffer (2001) also noted a region
of inverted optical signal surrounding the evolving seizure that
disappeared as the seizure spread horizontally. Whether this
inverted signal truly represents neuronal inhibition or merely
shunting of oxygenated blood to the more active focus is still
not clear, although it will be examined in more detail below.

2.3.3. Multiwavelength IOS Imaging of Acute Seizures
in Rat Neocortex

To investigate the relationship between the electrophysiol-
ogy and the IOS signal in the acute seizure model, we imaged
67 seizures in 6 rats at several wavelengths. As with the IIS, the
largest amplitude of IOS from the seizure was recorded at lower
wavelengths. The average (S.E.) maximal values of –FR/R (%)
were 13.70 � 2.06% at 546 nm (21 seizures in 6 rats), 4.97 �

Fig. 6. (A) Percent change in reflection of light in the focus as a function of time and wavelength after each IIS. The amplitude of the IOS is
clearly greatest when recorded at 546 nm, followed by 605 nm, 630 nm. and 700 nm. (B) Data are normalized to the maximum change in
reflectance to show that the rise in the signal is fastest at higher wavelengths. (C) The earliest statistically significant change in reflectance of
light was seen at 100 ms regardless of the wavelength. (D) Percent change in reflection of light from the surround as a function of time and
wavelength following each IIS. An inhibitory signal is seen in all wavelengths and the amplitude of this inverted IOS is equivalent, regardless
of wavelength. (E) Data are normalized to the maximum negative change in reflectance to show that temporally there is no wavelength
dependence in this signal. (F) The earliest statistically significant inverted change in reflectance of light in the surround was seen at 100 ms,
regardless of the wavelength. However, in some experiments this negative signal occurred later than the positive signal in the focus. (G) The
extent of spread (area) of the change in reflectance in the focus over time is less wavelength-dependent. Although the maximal area was achieved
earlier at 605 and 630 nm and the rate of lateral spread was faster, the maximal area of spread was similar to 546 nm. At 700 nm, the area of
spread was clearly smaller. (H) Normalization to the maximal area shows the slower propagation at 546 nm. These data were averaged over
multiple animals. (I) Thresholding the maximal area of spread in one animal, however, reveals that in this animal, the signal at 546 clearly
propagates further than at other wavelengths. See color version on Companion CD.
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0.79% at 605 nm (15 seizures in 6 rats), 3.80 � 0.71% at 630
nm (15 seizures in 6 rats), and 1.90 � 0.38 % at 700 nm (16
seizures in 5 rats; ANOVA, p < 0.0001; post-hoc Student-
Neumann-Keuls (SNK) test significant for 546 nm vs 700 nm,
630 nm and 605). As discussed earlier, the signal at 546 nm is
near the isosbestic wavelength of hemoglobin and is more sen-
sitive to blood volume. Wavelengths from 600 to 650 nm image

oxy/deoxyhemoglobin and >660 nm include signal from light
scattering. It is not clear why the amplitude of the ictal signal
is less in the rat than in the ferret. Perhaps imaging though the
intact bone and dura in the rat may have attenuated the signal,
although the percent change should not be affected.

Figure 9 demonstrates ictal events recorded at three differ-
ent wavelengths. One can clearly see that each seizure is slightly

Fig. 7. (A) Secondary, homotopic focus epilepsy maps from the contralateral hemisphere were obtained by triggering the image division to
the timing of the spikes in the ipsilateral hemisphere and averaging over multiple spikes. Y-axis shows-(R/R as a function of time for the 0.5
s before and 3.5 s after each spike. Error bars (� SD) were calculated from 142 consecutive spikes. (*) refers to the time of the spike and the
numbers refer to the images in (B). (B) ST epilepsy maps are obtained by dividing each frame after the spike by the frame prior to the spike
(denominator frame) and averaging over 142 spikes. The focus is well localized and appears prior to the signal from the blood vessels. Scale
bar, 1 mm. (Reprinted with permission from Nature Medicine.)

Fig. 8. (A) Optical signal from the focus (blue) and surround (pink) during an ictal event induced by focal application of 4-AP in ferret cortex.
Ictal events last 40–80 s with interictal periods of 2–4 min. Each image is generated by dividing a single frame by a denominator frame that
occurs prior to the event. (*) refers to the time of the denominator frame for the images in (B). The signal in the surround shows transient
inhibition until the event propagates past. (B) The timing of each image corresponds with the tickmarks in (A). Images were chosen to show
the onset and offset of the ictal event. The dimples in the signal represent the locations of the two micropipettes. Scale bars, 1 mm. (Reprinted
with permission from Nature Medicine.)
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different electrographically. In the example shown in Fig. 9,
the optical signal at 546 nm appears to be less focal than at
higher wavelengths. However, using the thresholding technique
described in Subheading 2.2.3., on average, there was no statis-
tical difference in the maximal area of spread comparing sei-
zures imaged at 546 nm (20 seizures in 6 rats), 605 nm (15
seizures in 6 rats), 630 nm (15 seizures in 6 rats), and 700 nm
(15 seizures in 6 rats). The inverted optical signal also was
apparent at all four wavelengths. The average maximal (S.E.)
inverted optical signal in the surround (here described as –FR/
R, so that an increase in reflectance is a negative number) was
–4.56 � 0.85% at 546 nm (21 seizures in 6 rats), –9.62 � 1.51%
at 605 nm (15 seizures in 6 rats), –7.45 � 1.39 % at 630 nm (15
seizures in 6 rats), and –3.98 � 0.56 % at 700 nm (16 seizures
in 5 rats) (ANOVA, p value of 0.0019). A post-hoc SNK test
showed that the increase in reflectance at 605 was significantly
greater than that at both 700 and 546 nm (p < 0.01).

2.3.4. Electrographic Variability and IOS Variability
In human epilepsy, two common electrographic patterns of

ictal onset have been defined, originally in medial temporal
lobe recordings from humans, but also found in the neocortex:

(1) periodic spiking and (2) low-voltage fast activity (LVFA;
refs. 136–140). Periodic spiking involves high amplitude
repetitive spike-and-wave events that can occur in low (1–2
Hz) or at higher frequencies (10–20 Hz) in the few seconds
before or immediately at seizure onset, which may then evolve
into LVFA or continue as periodic spiking (139,140). Periodic
spiking is characterized by single-unit burst and suppression
patterns. Corresponding in time to the “spike” and the “wave,”
respectively, that are less likely to propagate or secondarily
generalize, and resemble recurrent IIS (136–138). This type of
ictal onset has been correlated with an increase in inhibitory
tone based on single unit recordings in situ in human hippocam-
pus (77,136), although contrary data have been demonstrated
in resected hippocampal specimens (141). LVFA, also called
the “recruiting rhythm,” on the other hand, is believed to rep-
resent periods of disinhibition, based on in situ human hippoc-
ampal single-unit recordings, in which the field oscillations
occur at much higher frequencies (>30 Hz) compared with
during periodic spiking (136–139,141). This type of activity is
though to propagate more readily to adjacent brain and become
symptomatic (137,138).

Fig. 9. (A) Thin skull 546-nm image or blood vessel pattern with position of f.p. electrode and 4-AP pipette. (B–D) The f.p. recording of the
seizures is on the left and the corresponding imaging on the right. Each ictal event differs slightly from the others. The timing of the images
noted on the image and with black arrows under (B). The red arrow indicates the onset of the seizure and the “denominator frame.” Recordings
were made at 546 nm (B), 605 nm (C), and 700 nm (D). Scale bar units show –FR/R (%).
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With the 4-AP model, seizures generally begin with a large
spike followed either by LVFA (Fig. 10A) or periodic spiking
(Fig. 10B). Each seizure is slightly different and sometimes the
initial spike is absent and the length of time spent in either
LVFA or periodic spiking is quite variable. Accordingly, the
optical signal is variable. Even when imaging at a single wave-
length, the dynamic relationship between excitation and inhi-
bition, the focus and the surround, is quite evident. In Fig. 10A,
the seizure begins with LVFA and the optical signal spreads
rapidly with almost no negative signal in the surround (Fig.
10C). In contrast, the seizure in Fig. 10B begins with periodic
spiking and the optical signal spreads less rapidly and there is
a large inverted signal (Fig. 10D). This raises the tantalizing
possibility that the optical signal is quite sensitive to excitatory
and inhibitory activity and may show us the dynamic topogra-
phy of this relationship, providing a map of the variability of
the electrographic event.

Further support for this finding comes from simultaneous
multicontact f.p. recordings and IOS imaging of ictal events. In
Fig. 10C, we see a seizure developing in one area of cortex,
while another seizure is occurring in a separate area of cortex.

In Fig. 10D, a seizure begins within yet another area of the
cortex. The corresponding optical images accurately demon-
strate the spatial specificity of each of these events and the
shifting foci. The topography of each set of optical maps is
clearly different as is the electrographic recording. Each method
provides complementary yet different information about the
same event.

2.3.5. Ictal Onset Versus Offset
In human epilepsy, the area of ictal termination is not always

identical to the area of initiation. The significance of this
phenomenon is not well understood, but it may have prognos-
tic significance for successful surgical treatment (142). Sev-
eral theories exist to explain why and how seizures terminate.
One possibility is a return of inhibitory function, which even-
tually terminates the ictal discharge (137,138). As seizures
terminate, neuronal synchronization returns (143). Other
theories of seizure termination involve hyperpolarization via
the Na-K pump (144), rundown of transmitter release (145),
pacemaker failure (129), or a large depolarizing shift, not
involving neuronal inhibition, similar to spreading depres-
sion (146).

Fig. 10. Most acute 4-AP-induced seizures start with a single large spike followed by attenuation. Then, either (A) LVFA or (B) periodic spiking
ensues. Optical imaging demonstrates that (A) LVFA causes a more rapid spread with less surrounding inhibition compared with (B) periodic
spiking. Using a multicontact linear array of electrodes, we can image seizures originating sequentially at several different sites as inhibitory
activity shifts accordingly. In (C) the onset is at electrode 4 and in (D) the onset is at electrode 1. This complex interaction is not apparent from
the electrophysiology. The number at the top left of each image indicates the time after the electrographically defined seizure onset, in units
of seconds. Scale bar, 1 mm. Seizures shown here are imaged with incident light of wavelengths 605 nm.
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In acute 4-AP seizures, we have observed that the location
of seizure onset (determined as the centroid of the darkened
region at the time of its first statistically significant rise above
baseline, with the areal extent of the region determined by the
thresholding method described above) often differs from the
location of offset. This is illustrated in ferret cortex in Fig. 8 and
in rat cortex in Fig. 11. We clearly do not see any evidence of
spreading depression, which causes a large IOS change, and
thus our findings contradict that theory. We also do not see an
inverted signal that terminates the seizure, so a rise in inhibition
may also not be critical. Regardless of the precise mechanism
of seizure termination, IOS imaging is an ideal technique for
investigating the relationship between ictal onset and offset
zones.

2.4. IOS IMAGING OF THE RELATIONSHIP
BETWEEN EPILEPTIFORM EVENTS AND
FUNCTIONAL ARCHITECTURE

One of the best clinical examples of the interaction between
functional brain architecture and epilepsy is “pattern-sensitive
epilepsy”, in which epileptic events are triggered by patterned
visual stimuli (147,148). Another example is the periodicity of
horizontal spread of epileptic events, thought to reflect the
columnar architecture of the cortex and the anisotropy of long-
range horizontal connections (66,67). To investigate this rela-
tionship, Schwartz (27) performed simultaneous IOS recording
of an interictal focus as well as orientation and spatial fre-
quency columns in ferret visual cortex. Depending on which
column was injected with the epileptogenic agent, patterned
visual stimuli of a particular orientation and spatial frequency
could trigger each IIS (27). Within the focus, the orientation
and spatial frequency columns were severely distorted. In the
adjacent surrounding cortex, however, the columnar architec-
ture was not only preserved but could be easily mapped with

IOS. This implies that in spite of the altered cerebral hemody-
namics caused by the epileptic focus, the IOS was still accurate
at mapping functional architecture within a millimeter of the
focus (Fig. 12). This may prove very important for human map-
ping of functional architecture in patients with epilepsy adja-
cent to eloquent cortex.

2.5. ANIMAL MODELS OF CHRONIC EPILEPSY
Chronic neocortical foci are thought to represent a model of

epileptogenesis that more closely approximates the situation in
the human. Seizures develop during the course of days to
months rather than seconds to minutes and last from weeks to
years. Although the precise mechanism of neocortical
epileptogenesis in chronic models is unknown, the etiology is
thought to be multifactorial with evidence for alterations in
local disinhibition (149), intrinsic membrane properties favor-
ing hyperexcitability in pyramidal neurons (150), axonal
sprouting in layer 5 leading to enhanced recurrent excitation
(151), glial regulation of extracellular potassium (152), and
neurotransmitter-specific neurons or receptors (153). Chronic
models are generally produced with the subpial injection of
metal compounds such as aluminum hydroxide, cobalt, tung-
sten, or iron into somatosensory cortex (109,154). Chronic foci
tend to be more diffuse than acute foci and may produce mul-
tiple areas of epileptogenesis (91,155). Surface recordings
show that population spikes rarely reach 1 mV compared with
spikes of 3–5 mV in acute foci (62,63,91,155). The lower
amplitude of interictal spikes reflects the smaller percentage of
cells that participate in each interictal event (90,91,155,156).
Electrophysiologic mapping of chronic foci with single cell
recordings has demonstrated that anywhere from 10% to 50%
of the sampled populations exhibit spontaneous bursting activ-
ity simultaneous with surface potentials (90,91,118,155,157).
There is also a variable and inconsistent correlation between

Fig. 11. (A) Field potential recording from 4-AP induced seizure show that ictal onsets appear electrographically different than offsets but the
spatial extent of this difference is not known. (B) The intrinsic signals show that the area of onset (asterisk) is spatially not co-localized with
the area of offset (see last image). The numbers in images correspond to the time after the onset (arrow). Scale bar, 1 mm. See color version
on Companion CD.
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surface potentials and single neuron action potentials indicat-
ing that the size of the epileptic aggregate varies from burst to
burst and separate discharges begin at different sites (90,
91,119,155). Electrophysiologic studies in chronic foci have
also failed to report a significant amount of cellular inhibition
from the neurons in the surrounding cortex, although few of
these studies have specifically examined this issue (91,
120,155). It has been hypothesized that the diffuse, less intense
chronic focus does not strongly recruit recurrent inhibitory
circuitry (91,155). Overall, chronic models tend to approximate
findings in chronic human epilepsy and provide a better model
for investigations into epileptogenesis. We have concentrated
on two models of chronic epileptogenesis in our IOS studies in
the rat.

2.5.1. The FeCl2 Model
Subpial microliter injections of iron salts are a reliable model

of chronic interictal and ictal epileptogenesis which are par-
ticularly effective in rodents (158–161). This model is particu-
larly relevant to post-traumatic or post-hemorrhagic human
epilepsy that emerges after the extravasation of blood and depo-
sition of iron into the neuropil. The mechanism of action is not
clear but may involve the free radical intermediates of oxygen
and peroxidative stress on cell components as well as inhibition
of Na+/K+ adenosine triphosphatase (162). Isolated spikes
appear in 90% of animals after 72 h and stabilize at 30 d with
a frequency of three spikes/min (158–161). Spike-and-wave
complexes accompanied by behavioral manifestation appear in
75–100% of animals starting at 30 d and stabilize at 90 d

(159,161,163). Both types of events remain stable for up to 12
mo. Epileptiform activity contralateral to the injection has also
been reported (163). Histologic analysis of the resulting lesion
reveals hemosiderin-laden macrophages, fibroblasts, gliosis,
neuronal cell loss, and a decrease in the number of dendritic
spines (159,164). These findings are reminiscent of those found
both in aluminum hydroxide-induced animal models and
human epilepsy (165,166). In vivo microdialysis reveals simi-
lar changes in extracellular amino acids as in chronic human
epilepsy (163).

2.5.2. The Tetanus Toxin Model
Injection of tetanus toxin to induce chronic epilepsy in the rat

has been studied both in the hippocampus and in the neocortex
(167–173). Tetanus toxin acts by blocking exocytosis preferen-
tially in inhibitory interneurons, thereby decreasing GABAergic
inhibition (174–177). Rapid but patchy spreading to adjacent
and contralateral cortex occurs though axonal and transsynaptic
mechanisms (178,179). Injection of nanogram quantities into the
cortex of the rat leads to spontaneous interictal events within 3–
5 d in almost 100% of the animals at a rate of 0.2–2 spikes/s (170).
In the hippocampus, epileptiform events are multifocal, often
arising at a distance from the injection site (171). Behavioral
seizures have been reported in as many as 92% of injected rats
(180). Spontaneous independent events arise in contralateral
homotopic cortex occurs several days later. These events last for
longer than 7 mo, long after the toxin has been cleared from the
tissue given a half-life of only a few days, indicating that long-
lasting plastic changes cause chronic epileptogenicity (181). In

Fig. 12. (A) Angle map generated before, during and after iontophoresis of BMI into ferret cerebral cortex elicits IISs. The intrinsic signal within
the focus is distorted by the occurrence of the IIS. The intrinsic signal from the surrounding cortex, however, is unaltered. The dominant yellow
color in the focus indicates that 0º stimuli were more likely to trigger spikes than other orientations. Sample of the f.p. recording simultaneous
with the imaging is shown under (B). Scale bar, 1 mm. (B) Spatial frequency maps from the same animal demonstrate that low-spatial frequency
stimuli are more likely to trigger IIS than high-spatial frequency stimuli and that these maps are also distorted within the IIS focus but preserved
in the surrounding brain. (Reprinted with permission from Cerebral Cortex.) See color version on Compannion CD.
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vitro intracellular recordings reveal a characteristic PDS during
field recordings of interictal events (170). Histologically, there
is no cell loss or gliosis (180,182).

2.5.3. Methods
Under ketamine/xylazine anesthesia, rats were placed in a

stereotactic frame and a small parasagittal skin incision and a
trephine hole (0.5 mm in diameter) were made under sterile
conditions, 2.5 mm lateral and 1.5 mm rostral to the bregma
over the hindpaw sensorimotor cortex. Then, 2.5 µL of 400 mM
FeCl2 or 50 ng/0.5 µL tetanus toxin was injected 1–2 mm below
the surface through the hole using an oocyte injector. Two stain-
less-steel epidural screw electrodes (0.5 mm in diameter) were
implanted into opposite sides of cranial bone, 3 mm lateral and
3 mm rostral to the bregma and 4 mm lateral and 4 mm caudal
to the bregma for chronic ECoG recording (Fig. 13A). These
electrodes were soldered to the distal wires of a two-lead telem-
etry system (DSI) and a transmitter was placed under the skin
in a pocket between the shoulder blades. The surgical field was
irrigated with antibiotic solution and closed. The animals were
awakened and placed in a facility for chronic behavioral and
video-EEG monitoring for epileptic activity. Signals were
digitized onto a PC. Quantification of interictal and ictal events
was performed with the use of a custom-made seizure detec-
tion algorithms written in MATLAB (The MathWorks, Inc.)
The signals were bandpass filtered (3 to 70 Hz) and the signal

energy (power of EEG) associated with the EEG is computed.
Each peak that crosses a fixed threshold is counted as one sei-
zure. IISs are also counted using a custom made C++ program.
Animals with consistent interictal and ictal spikes with or with-
out behavioral events (paroxysmal twitching in the muscula-
ture contralateral to the epileptogenic agent with or without
secondary generalization) were used for further study. These
animals were prepared for imaging as in the acute epilepto-
genesis models.

Rats with chronic epilepsy from iron or tetanus toxin injec-
tion occasionally do not have spontaneous seizures while under
anesthesia. Events can be triggered by one of two methods.
Because the epileptogenic agent is injected into the area of
somatosensory cortex corresponding with hindpaw representa-
tion, focal peripheral stimulation of the hindpaw with an S48
stimulator (Grass Telefactor, W. Warwick, RI) delivered
through an SIU-7 to apply a 1 mA, 5-Hz stimulus of 2-s duration
has successfully triggered epileptiform events. Alternatively,
one can administer BMI, 1 mg/kg i.p. every 10 min.

Rats were injected with a lethal dose of pentobarbital sodium
(120 mg/kg, i.p.) and perfused transcardially with saline followed
by 4% paraformaldehyde and 0.1% glutaraldehyde. After removal
of the brains, they were postfixed and stored overnight in a 100 mM
phosphate buffer (pH 7.4) containing 30% sucrose. Serial coronal
sections were cut through the injection site of the iron or tetanus

Fig. 13. Using video-EEG monitoring and telemetry (A), we can record chronic epileptiform events in rats, which are stable for several months
(E). (B) Whereas the injection of iron creates a cavitary lesion seen grossly (top left) and with Nissl (top right) and parvalbumin (lower left)
staining, tetanus toxin is nonlesional (lower right). Arrows indicate site of injections. Both interictal (C) and ictal (D) events are recorded during
chronic video-EEG monitoring and quantified using custom-written seizure detection algorithms (see Section 3.3.). Scale bar, 1 mm. See color
version on Companion CD.
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toxin using a freezing microtome (Leica) at 40 µm. Sections were
serially stained for Nissl, parvalbumin, glial fibrillary acidic pro-
tein, somatostatin, and i/aminobutyric acid (Fig. 13B).

2.5.4. IOS Imaging of Chronic Neocortical Epilepsy
The iron and tetanus toxin models are not only useful as

models of chronic neocortical epilepsy, but also as models of
lesional versus nonlesional epilepsy. Whereas iron injection
creates a cavitary lesion in the brain, the tetanus toxin injection
does not disrupt the cortical architecture (Fig. 13B). Despite
these histologic differences, both models generate a stable
epileptic focus exhibiting both spontaneous IIS (Fig. 13C) and
ictal events (Fig 13D) that are consistent in frequency over time
(Fig. 13E). Even under general anesthesia, these animals exhibit
epileptiform events suitable for imaging (Fig. 14).

IOS imaging of IIS and ictal events was performed in both
models to map the areas of epileptic activity with respect to the
injection site of the epileptogenic agent. Our hypothesis was
that IIS and ictal onsets would arise from different areas within
a single animal, demonstrating a shifting focus, and that the
dynamic interaction between excitation and inhibition
responsible for this variability would be apparent in the IOS
maps. Figure 15A demonstrates the relative locations of the
ictal onsets, ictal offsets, and IISs in a single animal relative to
the architecture of the pial blood vessels seen though the thinned
skull. The IOS clearly demonstrates that each epileptiform
event arises from a different area of cortex adjacent to the lesion,
with an inter-event distance as far as 8 mm. Figure 15B shows
the electrophysiology and IOS imaging at 546 nm during single
ictal event. As in the 4-AP acute seizure, chronic seizures also
manifest periodic spiking and fast activity. In this example, the
seizure begins with periodic spike-and-wave activity and the

IOS demonstrates a darkened focus contained by a ring of
inverted optical signal in the surrounding cortex. As the ictal
event progresses to faster activity with no intervening “wave,”
the inverted activity disappears and the darkening in the focus
spreads to adjacent cortex. These experiments provide further
evidence that the IOS can reveal complementary data about
excitation and inhibition that form the basis of the
electrographic data recorded with field electrodes. Future
experiments with multiple single-unit and field recordings and
voltage-sensitive dyes will help us understand the complex
relationship between imaging and electrophysiology.

3. HUMAN IMAGING
IN THE OPERATING ROOM

3.1. BACKGROUND
The past few years have seen a rapid growth in brain imaging

techniques used in a clinical setting. Chief among these have
been techniques such as fMRI and positron emission tomogra-
phy. The fast time course and high spatial resolution observed
in laboratory studies using the IOS quickly sparked interest in
applying this technique to intraoperative imaging. Although
high-resolution IOS requires an exposed cortex, which makes
it more invasive than other imaging techniques, its promise of
extremely high spatial resolution offers an attractive alterna-
tive for intraoperative cortical mapping in humans, and also, as
we shall see below, the possibility of localizing interictal and
ictal epileptiform events during epilepsy surgery.

The IOS was first used intraoperatively by MacVicar and
colleagues in 1990 (183) for the imaging of stimulation-evoked
cortical activation. This study was soon followed by that of
Haglund et al. (102), who imaged both stimulation-evoked

Fig. 14. Interictal spikes and ictal events occur under general anesthesia in chronically epileptic rats. (A) Field potential recording from a rat
with tetanus-toxin induced epilepsy demonstrates a stereotypical ictal event occurring while under anesthesia. (B) Expanded regions from (A)
reveal the build-up and diminution of recurrent spike-and-wave activity. See color version on Companion CD.
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epileptiform afterdischarges and cognitively evoked functional
activity such as activation of Wernicke’s and Broca’s areas
during language tasks. A group at UCLA lead by Arthur Toga
has published several articles intraoperative human imag-
ing of somatosensory and language cortex (16,184–189). Other
groups have also imaged somatosensory cortex, including
Shoham and Grinvald (38) and Sato et al. (190), who described
the ability to image both primary and secondary somatosensory
areas.

3.2. TECHNICAL CHALLENGES
Although IOS of human cortex in the operating room is quite

feasible, the signal is not as robust as in the laboratory and the
spatial resolution is lower due to several technical challenges
and large sources of noise (16,38,102,184,185,189–191). The
major sources of noise include motion of the cortex induced by
heartbeat and respiration, as well as a 0.1 Hz vasomotor signal,
each of which change the reflected light signal with a different
periodicity (33,189,192). In addition to the time constraints of
the operating room, the environment is more difficult to con-
trol, resulting in larger fluctuations in ambient light (102,191)
and anesthesia (191).

Various mechanisms have been developed to compensate
for these sources of noise. Image acquisition can be synchro-
nized to the cardiac and respiratory cycles (184,191). The cor-
tex can be stabilized with a glass footplate (38,102,190).
Various post-hoc algorithms can also be applied to remove

noise from the imaging data. These can include warping algo-
rithms (102,184), or, if a sufficiently long series of images can
be obtained, an inverse FFT algorithm can be employed to
remove periodic fluctuations from the time course of the signal
(10,33,193).

Another difficulty in intraoperative human imaging is the
large field of view and the natural curvature of the surface of the
human brain. The typical craniotomy is 10–14 cm in diameter.
Given the curvature of the brain, keeping the entire surface
homogeneously illuminated and in focus would require mul-
tiple sources of light and a very large depth of field, which in
turn would increase blood vessel artifact, since in the labora-
tory setting a narrow depth of field permits imaging from a plane
below the pial surface and vasculature (130). Various solutions
have been implemented such as using a dedicated zoom lens with
separate sources of epi-illumination, using the operating micro-
scope lenses and built-in white light illumination with absorption
filters or a ring illuminator with filtered incident light. Suspend-
ing the camera over the patient’s head is also a challenge and
investigators have used rigid stands on the floor, attachments to
the operating table or the operating microscope itself.

We recorded fluctuations in light reflectance in one pixel
over time during an imaging session. Data was sampled at a rate
of 1 frame/300 ms during a period of 105 s, an FT was per-
formed and the power spectrum calculated (Fig 17B). The peak
indicated by the arrow at left shows the peak for vasomotor

Fig. 15. (A) IOS imaging map of separate ictal onsets, offsets and IISs from the same animal as that illustrated in Fig. 14. Thresholds for area
measurements are derived from pixel values 15% above the median of all pixel values. Scale bar, 1 mm. (B) The transition from periodic spiking
activity to faster spiking in the f.p. is correlated with an increase in the size of the excitatory optical signal and a disappearance of the inverted
optical signal in the imaging. The numbers in the images refer to the time(s) when the images were acquired after the onset of the ictal event.
See color version on Companion CD.



CHAPTER 14  /  IOS IMAGING OF NEOCORTICAL EPILEPSY 167

noise (~0.1 Hz); the arrow at the right shows the peak corre-
sponding to the patient’s heartbeat (~1 Hz). Methods for elimi-
nating these sources of noise will be discussed.

3.3. METHODS
Patients suitable for intraoperative imaging are undergoing

craniotomy for resection of neocortical pathology such as epi-
lepsy, tumors or vascular malformations adjacent to functional
cortex. Once in the operating room, their heads are fixed rigidly
to the table with a Mayfield headholder (Ohio Medical). Gen-
eral anesthesia is induced with i.v. thiopental, 3-5 mg/kg and
i.v. fentanyl, 50–150 µg, in an average adult and maintained
with N2O/O2 and isoflurane 1%. A nondepolarizing muscle
relaxant, Pavulon, 0.1–0.15 mg/kg is given i.v. to facilitate
endotracheal intubation. The line of incision is infiltrated with
a mixture of equal volumes 1% Lidocaine (with epinephrine
1;100,000). Craniotomy is performed using standard neurosur-
gical techniques. Once the cortex is exposed, the N2O/O2 is
discontinued and the patient is maintained on isoflurane 0.2%
and supplemental fentanyl 50–150 µg as necessary for the elec-
trical and optical recordings. This combination of anesthetics
has been shown to have a minimal effect on the ECoG (194).

In our first experiments (Yale University), we used we
reproduced the laboratory setting and imaged a small field of
view using a tandem lens arrangement (refs. 130,190). The
camera was held in place by modifying the Mayfield (Ohio
Medical) U-bar that attached to the table and sits over the
patient’s chest (Fig. 16A). The camera was held by an X,Y,Z-
manipulator (Narishige, Japan) and the entire apparatus was
placed in a sterile drape. Cortical illumination was achieved
with a ring illuminator attached to a DC-regulated power sup-
ply and a broadband filter 650 � 50 nm. A second locking
retractor provided another point of fixation between the
Mayfield head-holder and the ring-illuminator, which was fixed
to the camera lens. In this way, there was minimal relative
movement between the cortical surface and the camera lens.
Cortical stabilization was achieved with a glass footplate held
with the Greenberg retractor system (Fig. 16B). In our later
experiments (Weill-Cornell Medical College of Cornell Uni-
versity), we built a camera holder that sat on the floor at the
head of the bed and locked to the headholder while suspending
the camera over the head on a gross and fine X,Y,Z-manipula-
tor (Fig. 17A). The cortex was illuminated with a ring illumi-
nator on a retractable arm extending down from the camera lens
(single 50 mm lens). By lowering the ring illuminator closer to
the cortex we increased the intensity of the light and were able
to use narrow band filters (� 10 nm). The 50-mm lens increased
the field of view to 8 � 8 cm. The cortex was stabilized with a
glass footplate.

3.4. INTRAOPERATIVE IOS OF SOMATOSENSORY
ARCHITECTURE

We used IOS imaging to investigate somatotopy in the
human face area (195). In particular, we wanted to determine
the relative cortical location of peri-orbital skin versus skin
of the lateral face. Animal studies using microelectrode record-
ings from Macaque and Cebus monkeys have shown that cor-
tical representation of the peri-orbital skin in Brodmann Area
1 is both rostral and medial to peribuccal skin (196–198). Maps
of human face somatotopy generally show peri-orbital skin

medial, but not rostral, to lateral face, but these have been gen-
erated using cortical stimulation mapping which has a limited
spatial resolution (199–201). The field of view using the tan-
dem lens was 14 � 8.7 mm. Three stimulus conditions were
used: upper face stimulation, lower face stimulation, and blank.
Stimuli consisted of four constant current electrical pulses of
1.5 msec duration with a magnitude of 2.2 mA delivered at 2 Hz
through ball electrodes placed below and lateral to the left eye
and along the left lower cheek parallel to the lips by an S-88
stimulator (Grass Instruments, Quincy, MA). Each stimulus
condition was presented in pseudo-randomized order with a
10- to 15-s interstimulus interval. For each stimulus condition,
we collected 10 consecutive 300 ms image frames after stimu-
lus onset and these were stored for subsequent analysis. We
collected five blocks of five trials per stimulus.

Stimulation of the upper face produced a focal change in
reflectance in a different location than stimulation of the lower
face (Fig. 16). Here we demonstrate with high-resolution opti-
cal imaging that indeed, in the human, the lateral face is repre-
sented both rostral as well as medial to peri-buccal skin (195).
We also examined the cortical magnification factor (CMF),
which is defined as the area of cortex dedicated to the represen-
tation of an area of skin (202). The CMF was calculated from
the distance between the electrode contacts on the face (~7 cm)
and the distance between the centers of the change in reflec-
tance on the cortical surface (~2.5 mm). The calculated CMF
was 0.36 mm per cm (2.5 mm/7 cm) of facial skin. A compa-
rable measurement from the face area of the cynomolgus
Macaque is 0.75 mm of cortex per cm of facial skin (cf. Nelson
et al., 1980 [196], Fig. 11, distance between center of cortical
representation of orbital skin and penetration 1 is 3 mm; dis-
tance between orbital skin and upper lip is about 4 cm). There-
fore the CMF for this area of skin in the human may be smaller
than in the macaque by a factor of 2 (195).

3.5. INTRAOPERATIVE IOS IMAGING OF CORTICAL
STIMULATION AT MULTIPLE WAVELENGTHS

Currently several groups are performing human IOS imag-
ing of functional architecture and drawing conclusions about
human physiology. However, little is known about the IOS
response in humans at different wavelengths. We are currently
investigating the IOS characteristics following a reproducible,
focal cortical stimulus recorded at multiple wavelengths in the
human. A two-contact ECoG strip is placed on the cortex
underneath a 5 � 5-cm glass footplate. The operating room is
darkened, and the cortex illuminated with a ring illuminator at
546 � 10 nm to record the surface blood vessel pattern and then
at 546 � 10, 605 � 10, and 700 � 10 nm for IOS imaging. The
optical reflectance signal is recorded a 10-bit camera (Imager
3001, Optical Imaging Inc., Germantown, NY) and digitized
onto a PC at 33 frames per second, and integrated to variable
frame rates from 10-2 frames/s. Constant current stimulation
(Ojemann Cortical Stimulator, Radionics) was applied (3 s, 60
Hz, biphasic square waves of 0.5 ms duration each) at 4 mA.

We find that the optical signal recorded at 546 nm, corre-
sponding with cerebral blood volume, is larger, both in magni-
tude (8%) and area, than the signal recorded at higher
wavelengths (605 nm, 1.1%; 700 nm, 0.7%; ANOVA p < 0.01;
SNK post-hoc test; Fig. 17). The signal at 546 spreads along the
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brain parenchyma and does not involve the blood vessels them-
selves. At 605 nm and 700 nm, we see an early focal decrease
in reflectance in the brain parenchyma between the electrodes,
consistent with the “initial dip” in oxygenation associated with
metabolism that peaks at 2 s after the start of the stimulus (closed
circles). A second, later and larger inverted IOS (open circles),
peaking at 5 s, arises from both parenchyma and vessels,
extending over approximately the same larger area as the dark-
ening signal at 546 nm. The significance of these results will be
discussed below.

3.6. INTRAOPERATIVE IOS OF EPILEPTIFORM EVENTS
Haglund et al. (102) first imaged afterdischarges triggered

with bipolar stimulation in 1992. We have successfully repeated
these experiments (Fig. 17I). However, there have been no
reports of IOS imaging of spontaneous epileptiform events
recorded from the human and correlated with intraoperative
ECoG. We have attempted to record spontaneous IIS from
human cortex and have found that the noise is a more signifi-
cant factor than in studies involving sensory mapping or bipo-

lar stimulation. We have tried to average among multiple IIS to
improve our signal-to-noise ratio; however, if there is a fluctua-
tion in the location of each IIS, the signals will cancel out. It is
likely the amplitude of the IOS change associated with each IIS
in chronic human epilepsy is much smaller than in the acute
animal models described earlier. Other post-hoc methods to
eliminate contamination from noise will have to be imple-
mented, such as FT and PCA (discussed below).

4. CONCLUSIONS
IOS imaging is clearly a valuable technique in the study of

epileptogenesis. As we have shown, the data are complemen-
tary to electrographic data and provide quantitative spatial
information about blood volume, flow, and oxygenation of
hemoglobin associated with the neuronal population activity
underlying a variety of epileptiform events. Using several
experimental models, as well as the human, we have explored
the relationship between the intrinsic signal and the electro-
physiology of interictal and ictal events. Although much of the

Fig. 17. (A) The camera holder is draped and the camera and ring illuminator suspended over the cortex. Using a glass footplate for cortical
stabilization, we can image bipolar cortical stimulation (3 s, 60 Hz, biphasic square waves of 0.5 msec duration each and amplitude 4 mA)
averaged over five trials, and (I) afterdischarges at 546 � 10 nm (D) and 605 � 10 nm (E). (C) Location of the bipolar electrode on the cortical
surface and the glass footplate. (F–H) Change in reflectance of light from two separate regions of interest. The filled circles show reflectance
change in the region of interest located between the stimulating electrodes (lower box in [C]), and the open circles are from the region enclosed
by the upper box in (C). Imaging was performed at 546 nm (F), 605 nm (G), and 700 nm (H). (B) Fourier transform of a single pixel shows
that the noise associated with human imaging is mainly from vasomotor noise (left arrow) at 0.1 Hz and heart beat (right arrow) at 1 Hz. (I)
Stimulation at a higher amplitude (10 mA) produces afterdischarges seen in ECoG recording below and a large change in reflectance in the
area of the stimulating electrodes. See color version on Companion CD.
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data is consistent, some is contradictory and there are many
unanswered questions.

4.1. 546 NM
The signal recorded at 546 nm, thought to show changes in

blood volume, is clearly the highest in amplitude. In all models,
this signal peaks latest, rises more slowly, and appears to arise
from the brain parenchyma and not the blood vessels. However,
with 10-Hz temporal resolution, we show that as early as 100
ms after the acute disinhibition IIS, there is a focal change in
reflectance at 546 nm in many of the animals we studied, a
finding that is surprising because blood volume is not supposed
to respond so rapidly to neuronal activity. We hypothesize that
the acute disinhibited focus is a special case in which a large
population of neurons is all firing simultaneously and the
demand for increased blood volume is extreme. Alternatively,
blood volume may in fact respond more quickly than previ-
ously thought even under physiologic circumstances, and it
requires a model with an enormous focal metabolic demand
with a large signal amplitude to record it.

The signal at 546 is also thought to be less focal and, hence,
less sensitive to the population of active neurons. Our data are
consistent with this hypothesis particularly in the human imag-
ing. The spread of bipolar stimulation recorded at 546 nm went
far beyond the bipolar stimulating electrode to the adjacent 2 or
3 gyri in the absence of afterdischarges. At such low amplitudes
(4 mA), focal cortical stimulation is known to disrupt or acti-
vate only local neuronal populations, which is why it is a useful
technique or brain mapping in the operating room. Hence, imag-
ing at 546 nm does appear to overestimate the population of
active neurons, unless there is a large region of subthreshold
excitation which is revealed at 546 nm and not other wavelengths.

Our data in the rat, during IIS and ictal events, however, is
not in agreement with the human data. Although the area of
spread was larger at 546 nm in some animals, on average, there
was no significant difference compared with higher wavelengths.
Once again, this result may be unique to acute pharmacologically
induced epileptic events in the brain, in which metabolic demands
are so high, in such a large area of cortex, that the oxy-deoxy
signal is as widespread as the blood volume signal.

At 546 nm, the inverted optical signal from the “surround”
is less intense than at higher wavelengths in the ictal model, but
not in the interictal model. In contrast, in the human, following
bipolar stimulation, we were not able to record any negative
signal whatsoever at 546 nm. It is not clear what the signifi-
cance is of the inverted signal at 546 nm. Whether it represents
shunting of blood volume to the interictal focus or an indirect
marker for neuronal inhibition (or both) is unclear and will
require further investigation. However, in the chronic model,
the negative signal at 546 nm is clearly present, particularly
during spike-and-wave activity and its disappearance during
faster activity appears to correlate with horizontal spread of the
seizure.

4.2. 605 AND 630 NM
IOS imaging between 600 and 650 is thought to represent

changes in oxy/deoxyhemoglobin. In all experiments at these
wavelengths, we observe a focal decrease in light reflectance
(darkening) in the brain parenchyma that occurs within 100 ms
of the event. The signal rises more rapidly than at 546 nm, peaks

earlier and, in the human, and some animal experiments, is
more focal. We suggest this represents the “initial dip”, or de-
crease in oxygenation resulting from an increase in metabo-
lism. Following this initial dip we then see an inversion in the
signal, particularly in the draining veins that is less well-local-
ized, which likely represents an increase in blood flow and a
rise in oxygenated hemoglobin as found in the blood oxygen
level dependent signal. However, there is another inverted sig-
nal that occurs early in the brain parenchyma in the surrounding
cortex. In our fast imaging experiments, this signal begins
within 100 ms. We propose that this signal may correspond to
surround inhibition; the relative timings of the signals may be
critical in distinguishing these two distinct inverted signals.

4.3. 700 NM
Our results at 700 nm are quite similar to our results at 605

and 630 nm, although the signal is smaller in amplitude and
more focal. Reflected light at 700 nm is believed to represent
cell swelling; however, we do not employ an absorption filter
and there may be significant contamination from the oxy/
deoxyhemoglobin signal. We anticipated that the signal at this
wavelength would be more rapid than at 605 or 630 nm, but this
was not observed. The focality of the change in reflection may
imply that it is an even better signal for localizing the popula-
tion of epileptic neurons. Correlation with multifocal single-
unit and f.p. recordings may answer this question.

4.4. INVERTED IOS
Whether the inverted IOS recorded from the surrounding

brain parenchyma as early as 100 ms after the IIS represents
shunting of blood volume, oxygenation, or, indirectly, neu-
ronal inhibition, is unclear. Single unit recordings from the
inverted optical signal region adjacent to a BMI-induced
interictal focus in the ferret found decreased neuronal activity
(100). Das and Gilbert (20) observed an increase in reflectance
in the cat primary visual cortex that they hypothesize may be an
“inhibitory moat surrounding the excitatory center.” Similarly,
single-unit recordings from a ring of inverted optical signal in
mouse visual cortex, in response to retinotopic photic stimula-
tion, also revealed neuronal inhibition (19).

However, Haglund et al. (102) raised the possibility that the
increase in light reflectance may result from a decrease in blood
flow, resulting from a shunting of blood toward the focus, rather
than from a decrease in electrophysiologic activity. We found,
in our interictal model, an early, wavelength-independent,
inverted signal, and in our ictal and human studies, a late inverted
wavelength-dependent signal. We hypothesize that the early
wavelength-independent inverted signal is more likely to corre-
late with neuronal inhibition than the later signal. Our future
experiments will explore this question using muticontact elec-
trodes, voltage-sensitive dyes and other methods for measuring
blood volume (Texas Red Dextran) in our epilepsy models.

4.5. ANALYSIS TECHNIQUES
The classic technique for IOS image analysis has been to

divide images acquired during an activated state by images
acquired during an inactive state. Image acquisition is triggered
by stimulus onset. Fluctuations in the signal that are not related
to the stimulus are removed by trial repetition and signal aver-
aging. Recently, there has been rising interest in applying other
methods of analysis to the intrinsic signal. There are several
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limitations to requiring the use of a “blank” state for image
division. The cortex is always active, so a true “blank” is
impossible to achieve. Any signal within the blank will intro-
duce signal into the final image (e.g., Fig. 10). The experiments
take twice as long since an equal number of blank images must
be acquired. Lengthy experimentation is also a necessity if trial
averaging is used to reduce noise. For epilepsy imaging, these
two issues are particularly bothersome. In chronic epilepsy, the
focus is constantly spiking and so there is no “blank” state when
nothing is happening. Likewise, as discussed earlier, each epi-
leptiform event is different and the dynamic fluctuations in the
epileptic pool of neurons make averaging between events coun-
terproductive. Two interesting methods for addressing these
problems are FT and PCA (33,34). We have begun exploring
both methods as a means of eliminating noise with a known
periodicity. However, to extract epileptic data, one must know
the periodicity of the signal of interest. For acute interictal
spikes that occur with a regular periodicity, the epileptic intrin-
sic signal can be easily extracted (Fig. 18). However, in chronic
epilepsy, the periodicity of the epileptiform events is irregular
and signal extraction is much more difficult. Nevertheless, as
technology and computational sophistication improve, many
of our current obstacles will be overcome. The ultimate role for
IOS imaging in the treatment of epilepsy has yet to be deter-
mined, but the outlook is promising.
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