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Abstract
Object—The ability to predict seizure occurrence is extremely important to trigger abortive
therapies and to warn patients and their caregivers. Optical imaging of hemodynamic parameters
such as blood flow, blood volume and tissue and hemoglobin oxygenation has already been shown
to successfully localize epileptic events with high spatial and temporal resolution. The ability to
actually predict seizure occurrence using hemodynamic parameters is less well explored.

Method—In this paper, we will critically review the literature on data from neocortical epilepsy
using optical imaging and discus these pre-ictal hemodynamic changes findings and its application
in neurosurgery.

Result—Recent optical mapping studies have demonstrated pre-ictal hemodynamic changes in
both human and animal neocortex.

Conclusion—Optical measurements of blood flow and oxygenation may become increasingly
important for predicting as well as localizing epileptic events. The ability to successfully predict
ictal onsets may be useful to trigger closed-loop abortive therapies.
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Introduction
Hemodynamic signals derived from perfusion and oximetry significantly correlate spatially
with brain function. It is the fundamental basis of functional neuroimaging. In recent years,
there has been great interest in using a variety of brain mapping techniques that measure
those hemodynamic responses to assist in clinical diagnosis and management of
neurological disorders. In particular, seizures have been shown to elicit a large increase in
metabolism, utilization of oxygen and increases in blood flow and blood volume in epileptic
cortex. More recently, it has become apparent that these hemodynamic changes may actually
precede seizure onset and be useful at seizure prediction. Here, we will focus on reviewing
the literature on functional optical imaging methods and explore recent data on the timing
and significance of anticipatory pre-ictal hemodynamic changes and potential their
application in neurosurgery.
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Prediction of seizure onset
Epilepsy is a clinical term referring to a disease that affects between 1 and 2% of the
population of the United States involving recurrent seizures. Seizures can be sudden and
occur without warning, which can cause significant injuries. The possibility of identifying
events, whether they are behavioral, electrographic or hemodynamic, that reliably occur
before epileptic seizures would have a dramatic impact on our ability to warn patients and
their families of an upcoming event, thereby giving patients the ability to remove themselves
from harm’s way. Attempts have been made to forecast epileptic seizures using a variety of
methodologies such as electroencephalogram (EEG)52, functional magnetic resonance
imaging (fMRI)8,12, single-photon emission computer tomography (SPECT)42, among
others30. Such pre-ictal signals could also provide information for ‘closed-loop’ abortive
therapies such as cortical stimulation24, focal drug perfusion11,45, cooling7, and optical
inhibition 25,49,53. Additionally, seizure prediction mechanisms can offer insights into
epileptogenesis 16.

Traditional analysis of EEG signals has not shown any obvious or consistent pre-ictal
changes 23,34. Complex non-linear mathematic algorithms for electrographic data can be
used to predict seizure with increasing reliability 13,26. Recently, our laboratory reported a
~20s focal hemodynamic change before seizure onset in human lesional neocortical case. In
addition, we have shown pre-ictal vessel constriction as early as 5 s prior to seizure onset in
an animal model using a two-photon microscope57,58.

Intrinsic optical mapping of neurovascular coupling during epilepsy
Neurovascular coupling concerns the relationship between neuronal activity, metabolism,
tissue oxygenation, and blood flow. Adequate coupling is critical to supply the energy
demands of the brain during normal physiological function as well as pathological
conditions. Seizures create a large focal increase in metabolism and result in a dramatic
increase in cerebral blood flow (CBF) to the ictal focus to provide adequate oxygenation.
Whether or not CBF is adequate to meet the demands of an epileptic event has been a long-
standing debate.

Optical imaging of intrinsic signals (ORIS) is a technique for measuring hemodynamic
changes in the brain, based on enhanced light absorption of active neural tissue, which is
caused by focal increases in cerebral blood flow (CBF), deoxygenation of hemoglobin and
enhanced scattering of light15,29,33. At wavelengths such as 570 nm, an isosbestic
wavelength of hemoglobin, ORIS provides a direct measure of total hemoglobin (Hbt). Hbt
is equivalent to cerebral blood volume (CBV) if the hematocrit remains constant, and CBV
is proportional to CBF. At 610 nm, deoxygenated hemoglobin (Hbr) absorbs light more
strongly than oxygenated hemoglobin (HbO2) and it is possible to directly quantify both Hbr
and Hbt with the appropriate calculation41. At 800 nm, or near infrared wavelengths, the
optical signal is largely derived from light scattering related to cell swelling as well as intra-
and extracellular fluid shifts, which provide an indirect representation of neuronal activity,
less influenced by the changes in cerebral blood volume and hemoglobin oxygenation that
dominate the intrinsic signal at lower wavelengths.

Precise localization of neocortical epileptic foci is very important for the neurosurgeon to
identify and remove the seizure onset zone in order to achieve the best surgical outcome.
Several studies have shown that ORIS can be used to map the onset and spread of epileptic
events via their hemodynamic sequellae with very high spatial and temporal resolution, as
well as high spatial sampling [25, 34–40]. Epileptic events initiate a large focal increase in
metabolism and cerebral blood flow (CBF) at the seizure focus. In contrast, decreases in
CBF have been demonstrated surrounding the focus, the etiology of which is unknown. The
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relationship between these events and neuronal activity and metabolism are also unknown.
Studies using techniques with limited spatial and temporal resolution such as fMRI, PET,
SPECT and autoradiography have shown that the relative increase in CBF more than meets
the increase in metabolism leading to an increase in blood oxygenation. But studies using
higher temporal resolution techniques such as near infra-red spectroscopy (NIRS) and ORIS
showed that CBF is inadequate to meet the metabolic demands of the epileptic tissue leading
to a decrease in both tissue and hemoglobin oxygenation (see review40 )

Optical signals and seizure prediction
Mapping pre-ictal changes in human epilepsy

Optical imaging has been intraoperatively done to map both human epileptic focus and
human brain function activity during surgery3,18,19,35,39,46. Beyond localizing human
physiological and pathological activity, it was also used to predict the pre-ictal changes in
human epilepsy.

The idea of pre-ictal vascular reactivity predicting the seizure onset was proposed
(mistakenly at the time) as early as 1933 by Gibbs17. More recently, studies have found
increases in cerebral perfusion 20 min before focal and generalized spike-and-wave events
using transcranial Doppler10. Fortuitously, we recorded ORIS from human cortex
intraoperatively in a patient with recurrent focal seizures arising from a cavernous
malformation58. We found that focal changes in cerebrovascular hemodynamics preceded
the seizure onset by ~20 s, and occurred focally over the known location of the lesion and
the seizure onsets (Fig. 1). Three spontaneous seizures were successfully recorded, two at
610 nm and one at 570 nm, providing data on Hbr and CBV. Each seizure was accompanied
by a dramatic, focal change in the intrinsic signal. At 610 nm, a significant increase light
reflectance began 23.74 ± 8.67 s prior to the electrographic onset of the seizure (Fig. 1 D
and F). The spatial maps of the two seizures recorded at 610 nm were remarkably similar. At
570 nm, a significant decrease in light reflectance began 15.0 s prior to the electrographic
onset of the seizure (Fig. 1 E), again restricted to the known epileptic gyrus consistent with a
focal drop in CBV. Prior to the onset of the seizures, the signal inverted to a significant
increase in light reflectance (increase in CBV), which reached maximum amplitude of
46.2%, peaking 58.1 s after the onset of the seizure. Again the signal was restricted to the
known epileptic gyrus consistent with a focal drop in CBV. Prior to the onset of the seizures,
the signal inverted to a significant increase in light reflectance (increase in CBV), which
reached maximum amplitude of 46.2%, peaking 58.1 s after the onset of the seizure. This
pre-ictal finding from spontaneous human epilepsy suggests that optical measurements may
be useful to predict the seizure onset and location prior to any electrographic changes.

Optical imaging of pre-ictal changes in animal model
Despite the discovery of pre-ictal optical signal in human spontaneous epilepsy, many of our
animal studies in pharmacologically-induced recurrent focal neocortical seizures using 4-
aminopyridine injection (4-AP) did not find any pre-ictal changes in intrinsic optical
imaging, autofluorescence flavoprotein metabolism or direct tissue
measurements 2,28,47,56,57. In another study, however, we divided these 4-AP seizures into
two groups based on their electrographic onset pattern. While some seizures began with a
large population spike, followed by low-voltage fast activity (LVFA), others began with
LVFA without an initial spike. Of the 67 seizures, 47 began with an initial spike and 20
began without the initial spike. Using ORIS to record CBV, when an initiating spike
occurred, increases were identified 0.653 ± 0.482 s after the initial spike. However, for the
20 seizures that did not begin with an initial spike but a LVFA recruiting rhythm, CBV
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increases occurred 1.525 ± 1.218 s before the first significant change in the LFP27. Thus,
pre-ictal increases in CBV can depend on pattern of seizure onset (Fig. 2).

Surrounding vasoconstriction of pre-ictal signals
To determine the etiology of the pre-ictal vascular signals, we recently measured changes of
arteriolar diameter during acute 4-AP seizures using 2-photon imaging and found pre-ictal
vasoconstriction in cortex surrounding an ictal focus57. In vivo images of cortical
vasculature were used to measure vessel diameter (Fig. 3A). High-magnification movies of
individual arterioles allowed for tracking diameter changes during seizure activity near (Fig.
3B–C) and far (Fig. 3D–E) from the seizure focus (Fig. 3 A–E). We found that arterioles
dilated in response to the seizure in the focus, with a decreasing amount of dilation with
increasing distance from the 4-AP injection site (n = 4 rats, 71 vessels, 45 seizures, 143
measurements). Plotting the temporal profile of vasodilation compared with vasoconstriction
(Fig. 3F and G), we determined that vasodilation in the focus occurred 0.5 ± 0.1 s after
seizure onset, whereas vasoconstriction in the surround occurred 5.3 ± 0.5 s before seizure
onset. Note that all vasoconstriction was observed to occur before seizure onset.

In previous studies, we had demonstrated an inverted ORIS signal in the surround consistent
with a decrease in CBV 56. It was not clear from these studies whether the surrounding
decrease in CBF or CBV was caused by a passive shunting of blood into the ictal focus or
by active shunting of blood due to vasoconstriction on the surrounding brain tissue. Using
the 2-photon microscope to look directly at the arterioles, we demonstrated active pre-ictal
vasoconstriction, indicating that ictal onset may be preceded by vasoconstriction in small
arterioles surrounding an ictal focus. The etiology of pre-ictal surround vasoconstriction is
unclear. One possibility is the active shunting of oxygenated blood to the imminent seizure
focus. Another possibility is that the vasoconstriction is reaction to pre-ictal surround
inhibition in the ‘ictal penumbra’38,50.

Discussion
Pre-ictal optical imaging studies in both human and animal seizures provides converging
evidences for the existence of anticipatory changes in cerebral blood flow and hemoglobin
oxygenation. Although the etiology of those changes is currently unknown, ORIS can be
used as a method to detect these early events. Whether these vascular events are truly pre-
ictal or rather represent subtle underlying neuronal or glial events is also unclear and will
require more sensitive measurements of both signals. For example, fast ripples (very high
frequency activity) and microseizures have been recorded in human epilepsy using high-
resolution ECoG techniques6,22,36,37,43,44, which were not applied in the above studies. Ictal
change in the ECoG or the LFP are a reflection of synchronous dendritic activity in large
groups of neurons. ORIS recordings mostly arise from sub-threshold activity in an area 5–10
times larger than the area of spiking cells. Hence, subtle pre-ictal activity may not be
recorded by the ECoG or LFP electrode but clearly recorded by optical methods.
Additionally, pre-ictal signals may not be elicited by neurons but rather astrocyte- or
pericyte-medicated signaling or local potassium and local neurotransmitter/neuropeptide
release14,20,21,32,51. Hemodynamic changes may also be influenced by glia, which are not
directly recorded with standard electrophysiological methods.

What is the significance of the pre-ictal optical signal? The ultimate goal of optical seizure
prediction is not only to warn of an impending seizure but also to prevent seizure from
occurring. New novel epilepsy therapies such as cortical stimulation, local short-acting,
powerful drug application, and focal cooling have been investigated to stop
seizures7,11,24,31,45. All of these methodologies would be more efficacious if those closed-
loop intervention systems can predict the onset of seizures.
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Currently, most of those systems use recording electrodes to provide ongoing feedback of
cortical physiology. Number and location of electrodes may be important to provide a
sufficiently early detection of an ongoing seizure. Complex mathematical algorithms applied
to electrographic data for seizure prediction have recently garnered much attention 26. The
pre-ictal optical signals we describe here may provide an alternative method. Additionally,
the optical method is an non-invasive measurement, which can avoid the brain damage
caused by implanted electrodes9. New neuroimaging and neuro-modulatory techniques such
as 'optogenetics', which combines optical and genetic techniques, have emerged as a popular
tool to probe and control neuronal function with light1,4,5,54,55. Recently, optical suppression
of epilepsy has been studied by using optogenetic techniques and caged compounds 49,53.
The combination of optical pre-ictal detection and optical control would be a novel optical
device to terminate seizures.

Pre-ictal optical imaging may also help to identify the ictal focus in patients with non-
lesional epilepsy. Non-lesional epilepsy surgery usually has a lower chance of seizure-free
outcome than lesional epilepsy surgery48. Precise location of a pre-ictal and ictal onset zone
in pre-surgical planning would result more effective neurosurgical resections.

In summary, new novel optical imaging techniques show clear pre-ictal optical signals from
both human epilepsy and acute pharmacologically induced seizures in animal models.
Optical measurements of blood flow and oxygenation may be extremely useful tools for
predicting and localizing seizure onset, which can have a myriad of uses in warning patients
and triggering abortive therapies. Those methods have great potential to assist the
neurosurgeon not only to localize the seizure onset but also to trigger a closed-loop real time
on-line device to predict and terminate seizures.
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Figure 1.
Pre-ictal changes of optical signal in human epilepsy. (A) A custom camera holder with x–
y–z gross and fine manipulators suspends a camera, lens, and ring illuminator, draped in
sterile plastic, over the exposed human cortex.
(B) Gradient echo axial MRI scan demonstrates a small cavernous malformation the right
motor strip. (C) Surface of the brain under glass footplate. The black circles highlight the
location of the recording electrodes. The rectangles demonstrate three regions of interest
(ROIs), which contained the pixel values with the most statistically significant changes for
each of the three seizures. The label on the rectangle corresponds to the graphs within this
figure. (D) ECoG recording of a typical seizure. Scale bars: 20 seconds and 1 millivolt. The
time course of (E and F) oximetry and (G) perfusion related intrinsic optical signal
calculated as -ΔR/R (%) during each seizure from each ROI in (C) is graphed along with the
power of the ECoG. Error bars represent SD of pixel values from each ROI. The onset of
statistically significant optical signal changes is indicated with a black arrow and the onset
of significant change in the power of the ECoG is indicated with a gray arrow. (see detail in
[18])
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Figure 2.
Pre-ictal decrease in CBV precede seizure onset. (A) Image of cortical surface to
demonstrate location of 4-AP and LFP electrode (gray bar). (B) LFP recording of one
seizure. The vertical lines showed the frame markers in (C). CBV images at selected time
points (B) with respect to seizure onset show pre-ictal decrease in CBV then increase in
CBV after seizure onset (light indicates the decrease of CBV and the dark indicates the
increase of CBV.
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Figure 3.
Seizures induce spatially-dependent vascular changes. (A) 2-photon image of fluorescently-
labeled surface vasculature (Gray arrow, implanted electrode. Boxed areas, near and far
regions from the seizure focus highlighted in parts B–E). L↔M, lateral-medial axis; C↔R,
caudal-rostral axis. Scale bar: 500µm. (B) Example of a representative vessel adjacent to the
injection site in the focus demonstrates vascular dilation concurrent with seizure onset and
evolution. (C) Plot of vessel diameter (above) in the white box in (B) during ictal events
(below). Note vascular dilation with each event. Numbered timestamps in (C) top
correspond to images in (B). (D) 2-photon images in located vessel > 2 mm from the
injection site reveals a transient constriction of arterioles at the onset of the seizure. (E) Plot
of vessel diameter (above) in the white box in (D) during ictal events (below). Note vascular
constriction at the onset of each event, followed by dilation. Numbered timestamps in (E)
top correspond to images in (D). (F) Representative example of vascular diameter (top
panel) and simultaneous LFP recording (bottom panel) of seizure onset demonstrate pre-ictal
vasoconstriction and post-ictal vasodilation. A 99% confidence interval about the mean
diameter is shown in (F). Arrows indicate constriction (first arrow), seizure onset (second
arrow), and dilation (third arrow). (G) Boxplot of dilation and constriction onset times
relative to seizure onset. Gray and black lines represent mean and median respectively.
Circles are individual data points and cross hairs are statistical outliers. *: p < 1.0E-7. (n= 4
rats, 71 vessels, 45 total seizures, 143 total measurements).57
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