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Summary: Localized increases in neuronal activity are known
to alter the distribution and oxygen content of blood within the
surrounding brain tissue. In the neocortex, these activity-evoked
hemodynamic changes are predominantly mediated through the
dilation of the microscopic pial arterioles that lie on the surface
of the brain, nearest to the site of activation. Since hemoglobin
absorbs light throughout the visible and near-infrared spectrum,
optical microscopy combined with computer imaging techniques
can be used to map the patterns of hemodynamic changes asso-
ciated with neuronal activity. Examples of optical imaging data
are provided here to demonstrate four points. First, depending
on the optical wavelength chosen for illumination of the cor-
tex, different spatial and temporal patterns of optical changes
are elicited by similar stimuli yielding distinctly different types

of physiological information. Second, by selecting the appropri-
ate wavelengths, it is possible to generate maps from optical-
imaging data that represent changes predominately due to either
blood volume (at 535 nm) or blood oxygenation (at 660 nm).
Third, “negative” optical signals are negative only relative to a
given optical wavelength, and appear to be associated with more
intense types of neuronal activation. Fourth, optical imaging is
a useful technique for studying neocortical seizure activity in
animal models, with the caveat that species-specific differences
in cortical size and vascularization patterns may be important
to consider in the interpretation of optical imaging data. Key
Words: Optical imaging—Intrinsic optical signal—Epilepsy—
Neocortex—Hemodynamics.

WHAT IS INTRINSIC OPTICAL
SIGNAL IMAGING?

Changes in the magnitude of neuronal activity are
known to alter the light scattering and absorption prop-
erties of brain tissue. In mammalian cortex, these opti-
cal changes are generated by at least three components:
(i) changes in blood volume; (ii) changes in blood oxy-
genation; and (iii) ion-fluxes between neurons and glia
and the resultant cell volume changes (Grinvald et al.,
1988; Holthoff and Witte, 1996; MacVicar and Hochman,
1991). Optical changes in vivo are thought to be domi-
nated by the first two blood-dependent components (Mal-
onek and Grinvald, 1997; Haglund and Hochman, 2004).
Since these optical changes can be measured without the
use of dyes or contrast-enhancing agents, they are often re-
ferred to as “intrinsic optical signals” (IOS). IOS imaging
involves the illumination of neuronal tissue with visible
or near-infrared light and acquiring images with a digital
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video camera. Since high-resolution IOS images can only
be acquired from the exposed surfaces of tissue, in vivo
applications are usually restricted to mapping changes
on the neocortical surface. Even given this limitation to
mapping tissue surfaces, IOS imaging has been found to
be useful for studying the functional organization of vi-
sual cortex (Grinvald, 1992; Martin, 2002; Schummers et
al., 2004; Tanaka, 2000), and has been applied, though
less frequently, to intraoperative mapping of functional
and epileptiform activity in human subjects (Haglund et
al., 1992; Cannestra et al., 2001; Haglund and Hochman,
2004, 2005; Sato et al., 2005 Schwartz et al., 2004). The
usefulness of IOS imaging for studying cortical activity re-
lies on the property that the IOS changes at various optical
wavelengths tend to be spatially localized to where popu-
lations of neurons undergo changes in their level of activ-
ity. IOS imaging thus offers the ability to study activity-
evoked changes over large areas of cortex without the need
to use techniques that can potentially damage cells, such
as the application of dyes which may be phototoxic, or the
insertion of microelectrodes into the cortex. IOS imaging
may be well suited for studying neocortical epileptiform
activity in animal models, though to date relatively few
studies have been published on this application (Haglund
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et al., 1993; Chen et al., 2000; Schwartz and Bonhoeffer,
2001; Suh et al., 2005).

WHAT CAUSES OPTICAL CHANGES
IN CORTICAL TISSUE?

An increase in neuronal activity within the neocortex is
associated with a redistribution of blood volume within the
vicinity of the active tissue (Mchedlishvili, 1987; Roland,
1997). These hemodynamic changes are mediated through
the dilation of the pial arterioles; signaling molecules such
as adenosine and nitric oxide are released by neurons as
they fire action potentials and diffuse through the extra-
cellular space, causing nearby arterioles to dilate (Ngai
et al., 1988; Iadecola, 2004). Interpretation of imaging
data that is derived from these activity-evoked hemody-
namic changes relies on understanding how the spatial
and temporal changes in the flow, volume, and oxygen-
content of hemoglobin within cortical tissue vary as func-
tion of neuronal activity. Starting with the major cerebral
arteries, repeated bifurcating of larger into smaller ves-
sels that form anastomotic interconnections give rise to a
complex vascular web covering the neocortical surface.
It has been shown that the vessels which play the most
significant role in the redistribution of hemoglobin are
those segments of the smallest pial arterioles just prior
to their penetration into the cortex (Mchedlishvili, 1987;
Ngai et al., 1988). Pial arterioles less than 100 microns
in diameter, closest to areas of increased cortical activity,

FIG. 1. Optical Absorption Properties of Hemoglobin. The left-hand plot compares the amount of light that is absorbed by oxy- and deoxy-
hemglobin at wavelengths from 400 nm through 900 nm. The graphs cross at some wavelengths where oxy- and deoxy-hemoglobin absorb
exactly the same amount of light, called isobestic points, and hence imaging at these wavelengths is insensitive to differences in blood
oxygenation. These data are plotted against a logarithmic y-axis, making their absolute differences difficult to judge. The graph on the right is
a linear plot derived from the same data. Here, the absolute difference in light absorption between oxy- and deoxy-hemoglobin (normalized
by their total cumulative absorptivity) is plotted on a linear scale. Wavelengths at which oxy- and deoxy-hemoglobin are indistinguishable
are those at where this difference vanishes (i.e., where the graph touches with x-axis). As can be seen in the right-hand plot, oxy- and deoxy-
hemoglobin are maximally different at 660 nm, and hence this wavelength may be useful to measure changes in the oxygen content of blood.
At wavelengths between 525 nm through 555 nm, oxy- and deoxy-hemoglobin are nearly indistinguishable; hence these wavelengths may
be useful for measuring blood volume changes independently from blood oxygenation. These graphs were generated from publicly available
data on the web compiled by Dr. Scott Prahl, Oregon Medical Laser Center at http://omlc.ogi.edu/spectra/hemoglobin/summary.html,
tabulated from data by Drs. W. B. Gratzer, Med. Res. Council Labs, Holly Hill, London and N. Kollias, Wellman Laboratories, Harvard
Medical School, Boston.

have been observed to undergo significant dilation dur-
ing action potential firing, with the largest dilations being
associated with the smallest vessels that have resting di-
ameters in the range of 10–30 µm. Since blood flow is
approximately related to the fourth power of vessel di-
ameter (Fung, 1997), small changes in neuronal activity
are amplified into large changes in blood flow via dilation
of the pial arterioles. There are two important activity-
modulated hemodynamic properties that contribute to the
in vivo optical signal: (i) increases in blood volume, aris-
ing from the increased diameters of the pial arterioles, and
(ii) increases in blood oxygenation in the venous network,
arising from the reduced transit time of hemoglobin in
the cortical tissue during the dramatically increased flow
velocity (Mchedlishvili, 1987; Roland, 1997).

As noted from the absorption spectra of oxy- and deoxy-
hemoglobin (Fig. 1), the amount of light absorbed by
blood varies as a function of the wavelength of light used
for illumination. At some wavelengths, such as 525–550
nm, the light absorption properties of oxy- and deoxy-
hemoglobin are nearly indistinguishable from each other
(i.e., isosbestic points) and hence these wavelengths can be
used to map changes in the total amount of hemoglobin
that result from changes in the diameters of the micro-
scopic pial arterioles, independent of changes in oxygen
content. We therefore refer to optical changes at an isos-
bestic point, such as 535 nm, as a “blood volume signal.”
At other wavelengths, such as 660 nm, oxy- and deoxy-
hemoglobin are maximally distinguishable, and hence
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imaging at these wavelengths can provide a “blood oxy-
genation signal.” An increase in neuronal activity would
be expected to elicit opposite-going optical changes in the
blood volume (535 nm) and blood oxygenation (660 nm)
signals: (i) at 535 nm, the tissue would be predicted to
become darker due to an increase in the concentration of
light-absorbing hemoglobin molecules within a volume of
tissue, and (ii) at 660 nm, the tissue would be predicted to
become lighter, or reflect more light back to the detector,
since blood oxygenation is increased in the venous net-
work, and oxy-hemoglobin absorbs less light at this wave-
length. However, this explanation is an oversimplifica-
tion, since changes in the opposite directions to what was
just described have been reported at these wavelengths,
and their interpretation has long been debated (Malonek
and Grinvald, 1996; Buxton, 2001; Lindauer et al.,
2001).

METHODS FOR OPTICAL IMAGING
OF PRIMATE CORTEX

The details of the treatment and preparation of pri-
mates for optical imaging studies have been previously
described in detail (Haglund et al., 1993). Macaque mon-
keys (Macaca nemestrina) were used for all the data shown
here, with their care and treatment conforming to a proto-
col approved by Duke’s Institutional Animal Care & Use
Committee. To allow for imaging and electrophysiological
recordings from the neocortex, a 25 mm craniectomy over
hand motor cortex is performed and a specially designed
25 mm threaded stainless steel chamber is mounted to the
cranium to provide an “optical window.” For electrical
stimulation of the cortex, a bipolar stimulating electrode
(5 mm interelectrode distance) powered by a constant-
current source (Ojemann Cortical Stimulator, Integra Life-
Sciences Corporation, NJ, U.S.A.) is placed on the neo-
cortical surface.

The optical imaging equipment and data analysis meth-
ods used to generate the data presented here are identical
to what has previously been described for use on human
subjects (Haglund and Hochman, 2005). Briefly the cor-
tex is illuminated with either 535 nm or 660 nm light.
Images are acquired with a cooled 16-bit digital CCD
camera (Roper Scientific, NJ, U.S.A.). Sequences of im-
ages are integrated over 100 ms or 200 ms intervals and
stored on hard disk for offline analysis. In order to visu-
ally demonstrate the spread of stimulation-evoked optical
changes over the cortex, “difference-images” are gener-
ated by subtracting a randomly chosen prestimulation im-
age (i.e., “control-image”), acquired sometime during a
20 s interval prior to stimulation, from all of the images
in its associated series. Each difference-image thus rep-
resents the absolute change in the optical signal from the
chosen control image. The difference-images are then di-
vided by the control image to provide a map of percentage

change. Images are pseudo-colored to make small optical
changes more apparent.

THE “AFTERDISCHARGE MODEL”
OF EPILEPTIFORM ACTIVITY

Electrical stimulation of the cortex at varying currents
has been used previously in human subjects to corre-
late optical signals to the magnitude of cortical activa-
tion (Haglund and Hochman, 2004, 2005). This technique
involves stimulating the cortex with a bipolar electrode
(60 Hz; 1 ms per pulse; 4 s) placed on the cortical surface
(Fig. 2; bottom left grey-scale image). The stimulation-
currents are initially tested at a low setting and gradually
increased until a current is found that is just sufficient
to consistently elicit an episode of afterdischarge (epilep-
tiform) activity that persists after the 4 s of stimulation
has ended. In this way, stimulation currents are found
that allow for imaging the cortex in response to stimuli
that either do, or do not, elicit epileptiform activity. For
each primate cortex studied, an afterdischarge threshold
was found (i.e., a minimal stimulation current that was
just sufficient to elicit epileptiform activity) that reliably
elicited an episode of afterdischarge activity of similar du-
ration and intensity following each stimulation (Fig. 2, top
traces); the durations and amplitudes these afterdischarge
episodes have been found to remain relatively constant
throughout the entire duration of each experiment for a
given animal. For the studies reported here, the hand mo-
tor cortex was exposed for electrical stimulation and op-
tical imaging. Ongoing hand-twitching movements could
be clearly observed that lasted exactly as long as the elec-
trographic afterdischarge activity. To facilitate the optical
imaging studies, the recording electrodes were removed
from the cortex once the afterdischarge threshold was es-
tablished; thereafter, the duration of hand twitching was
used as a behavioral assessment of afterdischarge activity.
In the eight primates we have studied to date, afterdis-
charge thresholds have varied from 4 mA to 16 mA.

In what follows, we demonstrate that different patterns
of optical changes occur when comparing those trials in
which electrical stimulation elicits afterdischarge activity
to those trials in which no epileptiform activity is elicited.
One question is whether these differences are truly due
to the presence of epileptiform activity, or alternatively
are the consequence of the greater stimulation currents re-
quired to elicit the afterdischarge activity. We note that a
small change (1 mA) in the magnitude of stimulation cur-
rent determines whether or not a prolonged period (>10 s)
of afterdischarge activity occurs (Fig. 2). Our experience
to date is that unique optical changes occur during the pres-
ence of afterdischarge activity that are not present other-
wise, even when significantly larger stimulation currents
are used to study animals that have higher afterdischarge
thresholds.
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FIG. 2. The Afterdischarge Model. At the beginning of each experiment, primate hand motor cortex was stimulated with currents of
increasing magnitude until a current was found that consistently elicited afterdischarge activity; this defines the afterdischarge threshold
current. It is typically observed that current at 1 mA below the afterdischarge threshold fails to elicit epileptiform activity. As shown in the
top continuous trace recorded from a surface electrode (not shown) placed between the two stimulating electrodes (bottom left grey-scale
figure), 8 mA was just sufficient to consistently evoke afterdischarge activity in this animal. Stimulation artifacts in the top traces are marked
with stars, and afterdischarge activity with orange bars. Optical changes (535 nm) of the pixel values from within the colored circle overlay
in bottom left image, elicited by various stimulation currents, are shown in the bottom right graph. Note that the magnitude, the time to
reach the maximum value, and the time to recover to baseline, are significantly greater for optical changes occurring during the 8 mA trial
that elicited > 10 seconds of afterdischarge activity as compared to the 7 mA trial in which no epileptiform activity occurred.

DISTINGUISHING CHANGES IN BLOOD
OXYGENATION FROM BLOOD VOLUME WITH

OPTICAL IMAGING

In the experiment shown in Fig. 3, it was found that a
current of 7 mA was just below the threshold for gener-
ating epileptiform activity, and 8 mA was just above this
threshold. At a sufficiently low magnification, the entire
area within the recording chamber can be imaged (Fig. 3;
top panel of images). Images acquired at 535 nm that im-
mediately following the 4 s of 7 mA stimulation (Fig. 3;
top left) showed the largest changes occurring within the
tissue surround one of the stimulating electrodes, and no
optical changes occurred within the larger blood vessels;
all optical changes occurred in a negative-going direction
(i.e., the tissue became darker with activation). It is typical
for more current to be delivered to the tissue by just one
of the two stimulating electrodes (Haglund et al., 1993),
hence one of the two electrodes consistently shows a larger
optical change than the other. Imaging at 660 nm showed
the largest optical changes within the larger veins lying
within the sulci nearby the site of electrical stimulation.

At this wavelength, the optical changes at the end of the 4
s stimulation period were in a positive direction.

In order to determine the localization of the optical sig-
nal within the various microvascular compartments, imag-
ing was performed at sufficiently high magnification to
resolve the smallest pial arterioles within an area near the
stimulating electrode (Fig. 3; middle panel of images).
It was noted that under 535 nm light, the largest optical
changes were restricted to the pial arterioles (Fig. 3, left;
middle panel), and at 660 nm the largest optical changes
occurred within the single venule that was within the field
of view (Fig. 3, right; middle panel). The pial arteriole
that showed the optical changes at 535 nm during stim-
ulation was also observed to undergo significant vessel
dilation (approximately a 35% increase from its resting di-
ameter) that coincided with the time course of the optical
changes.

In order to quantify the time course and magnitude of the
optical changes at each wavelength, the percent changes of
the IOS within several areas of interest were calculated and
plotted as time series (Fig. 3; bottom). At 535 nm, optical
changes were much larger within the tissue surrounding
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FIG. 3. Localization of Optical Changes at 535 nm and 660 nm. The top panel shows low-magnification maps of optical changes during
7 mA stimulation, where no afterdischarge activity was elicited by the stimulation. These data are from an individual animal. The middle,
top grey-scale figure shows the configuration of the stimulating electrodes, and the red, yellow, and blue overlays show regions whose
optical changes are plotted quantitatively in the graphs at the bottom of this figure. Images on the left and right are pseudo-colored to
indicate their percent changes in the optical signal from baseline conditions. When the cortex is illuminated with 535 nm light (top, left),
the largest optical changes are nearest to one of the stimulating electrodes, and distributed diffusely throughout the surrounding tissue.
Under 660 nm light (top, right), the optical changes are greatest in the largest veins lying within the cortical sulci. The middle panel shows
optical changes acquired at high magnification, within the area indicated by the yellow square in the top middle figure. During stimulation,
the pial arteriole was observed to undergo a 35% increase in its resting diameter. 535 nm optical images (middle, left) show that optical
changes are restricted to the pial arteriole, and absent from the venule. 660 nm images (middle, left) show that changes are restricted
to the nondilating venule. The pial arteriole shown here is approximately 20 microns in diameter at rest, and the venule is 35 microns in
diameter. Pixel values from the orange and blue overlays in the top middle figure are plotted at the bottom as a time series. At 535 nm
(bottom, left), the peak changes occur approximately 15 seconds after stimulation had ceased, and were significantly larger in the tissue
surround the stimulating electrode. At 660 nm (bottom, right), the changes were greatest in the venule, and their peak changes occurred
approximately 25 seconds after stimulation had ceased. Note that, a slight negative dip is observed to occur in the tissue surround the
electrode (indicated by the orange arrow in the bottom right graph).

the stimulating electrode (Fig. 3; bottom, left), in contrast
to the signal at 660nm that showed the largest changes
in a nearby large vein (Fig. 3; bottom, right). Although
the signals at both wavelengths are correlated spatially
to where the cortex was stimulated, and their onset times
occurred simultaneously with the onset of electrical stim-

ulation, their peak changes and durations were distinctly
different. The peak of the IOS changes following stim-
ulation at 535 nm occurred 10–15 s after the electrical
stimulation had ceased, and 20–30 s after the stimulation
at 660 nm. It was also noted that at both wavelengths, the
stimulation-evoked optical changes took several minutes
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FIG. 4. Changes in Blood Oxygena-
tion During Electrical Stimulation and Af-
terdischarge Activity. The top left panel
of four images compares the optical
changes between 7 mA stimulation (be-
low the afterdischarge threshold) and
8 mA (above the afterdischarge thresh-
old), at 4 seconds after the electrical
stimulation had ceased, acquired from
an individual animal. Images showing
changes in the positive direction are
shown in figures pseudo-colored with a
“rainbow” spectrum, and images show-
ing changes in the negative direction are
pseudo-colored with a “gold” spectrum.
At 7 mA, all changes are in a positive-
going direction (top, left panel of four im-
ages), but at 8 mA, the area surround-
ing the electrode changes to a nega-
tive direction. More than a minute after
stimulation-evoked and epileptiform ac-
tivity had ceased, a localized area was
seen to show a negative-going signal (top
right panel of four images). In the bottom
panel of figures, pixel values from within
the regions indicated in the grey-scale
images are plotted for comparison. The
changes occurring during 7 mA stimula-
tion (no afterdischarge activity) are plot-
ted as white traces, and those at 8 mA
(where afterdischarge activity occurred)
are plotted in colors corresponding to
their regions indicated in the grey-scale
image.

to completely recover back to prestimulation baseline
levels.

It has been noted that intense activation of the cortex
with electrical stimulation evokes an initial “negative dip”
at the 660 nm blood oxygenation wavelength (Fig. 3; Bot-
tom, right; orange arrow). Further analysis of IOS-images
acquired at this wavelength reveal a more complex pat-
tern of positive and negative changes (Fig. 4). Although
electrical stimulation at currents below the afterdischarge
threshold sometimes elicit a small negative dip (20% of
the 7 mA stimulation trials during the experiment shown),
the negative dip is consistently observed during stimu-
lation currents sufficient to evoke afterdischarge activity
(Fig. 4; Top, left). The negative dip around the electrode
always peaked within several seconds following stimu-
lation, and was restricted to the tissue surrounding the
stimulating electrode. In the experiment shown, stimula-

tion at 8 mA consistently evoked 12–13 s of afterdischarge
activity following the cessation of electrical stimulation.
During stimulation trials in which such epileptiform activ-
ity occurred, optical images also showed negative-dips at
later time points (20–60 s after all stimulation and afterdis-
charge activity had ceased) at sites more distant from the
stimulating electrode (Fig. 4; top, right). These negative-
dips were often localized within smaller veins. Quantifi-
cation of the 660 nm optical data shows that both types of
negative dips occurred in trials that involved stimulation
above the afterdischarge threshold (and hence occurred in
those trials in which 12–13s of epileptiform activity had
been evoked).

Although early-occurring negative dips around the
stimulating electrode were never observed at the 535 nm
blood volume wavelength, the later-occurring negative
dips were observed (Fig. 5A). At this wavelength, a
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FIG. 5. Negative-going Optical Signals at the 535 nm Blood-
Volume Wavelength. The images shown in A are from the
same cortical area as shown in Fig. 4, but acquired under
535 nm light. The left two figures show positive (leftmost rain-
bow pseudo-colored image) and negative (gold pseudo-colored
image) changes at 30 seconds following the cessation of electri-
cal stimulation at 8 mA, at the end of the afterdischarge activity.
The top right graph shows a plot of the optical changes (% optical
change versus time in seconds), from a region surrounding the
stimulating electrode (blue trace) to a region overlying the area
of negative-going optical signal (white trace). The images shown
in B were acquired during an ictal discharge spreading over the
cortex. An acute seizure focus had been created by applying a
0.5 mm pledget soaked in bicuculline to the cortex for several
minutes, directly in the center of the region shown in the image.
A series of images are shown that were acquired during a spon-
taneous ictal discharge. The top line of rainbow pseudo-colored
images show positive going signals, and the bottom series of gold
pseudo-colored images show the negative going signals.

negative dip refers to a positive-going signal that may in-
dicate a reduction of blood volume. These later-occurring
dips at 535 nm were observed to occur within the tissue
lying next to the same veins that had shown a negative dip
at 660 nm.

More intense negative signals at the blood volume
wavelength have been observed with more intense epilep-
tiform activity (Fig. 5B). In experiments in which acute
epileptic foci are created by focal application of bicu-
culline to the cortical surface, propagating waves of
seizure activity can be imaged at the blood volume wave-
length. After each ictal discharge is initiated, those regions
of tissue lying just behind the traveling wave of neuronal
activity eventually show a significant negative signal, sug-
gesting the possibility that blood is being redistributed
from regions that were previously highly active into areas
undergoing a phase of increasing ictal activity.

DISSOCIATING BLOOD VOLUME FROM
BLOOD OXYGENATION CHANGES WITH IOS

Many different arguments have been put forth in the
literature justifying the interpretation of a certain wave-
length as being more or less selective for blood volume or
blood oxygenation (Nemoto et al., 1999; Mayhew et al.,
2000; Lindauer et al., 2001; 2001; Haglund and Hochman,
2004). Our claim that 535 nm is specific for blood volume
and 660 nm is specific for blood oxygenation is based
on the direct observation of the optical changes occurring
within the distinct microvascular compartments that are
known to be the major players in the redistribution of blood
during cortical activation. We showed that at 535 nm, the
largest optical changes were negative-going and restricted
to the dilating pial arterioles, and were largely absent from
the venous network. In contrast, at 660 nm, the largest op-
tical changes were positive-going, mostly restricted to the
venous network, and were greatest in the larger macro-
scopic veins lying within the cortical sulci. Although these
observations are consistent with respect to the predictions
arising from consideration of the absorption spectra of
oxy- and deoxy-hemoglobin presented earlier, we stress
that this spectral-argument was meant as a rationale for
choosing wavelengths, and not as a rigorous analysis. Al-
though our data strongly suggests that IOS imaging can
select for either blood volume of blood oxygenation, this
in no way implies that a quantitative relationship has been
established. That is, it is not known how a given percent
change in the optical signal at either wavelength is cor-
related to the true absolute changes in blood volume or
blood oxygenation.

An important observation is that optical measurements
of blood volume appear to be much better localized to
sites of neuronal activation than measurements of blood
oxygenation. For example, 535 nm optical changes are
localized within the tissue surround the stimulating elec-
trode, whereas 660 nm changes are greatest within the
larger veins at sites more distant from the stimulated tissue.
A likely exception to this observation is the early-onset
negative-going blood oxygenation change at 660 nm,
which also appears to be localized to the tissue surround
the stimulating electrode at higher stimulation currents.
This is consistent with other observations that a negative-
going blood oxygen-dependent signal is better localized
to neuronal activity (Silva et al., 2000).

WAVELENGTH DEPENDENCY OF IOS IMAGING

As an experimental imaging technique, IOS imaging
has no commonly adhered to standards, meaning that dif-
ferent investigators use a variety of different optical wave-
lengths in their experiments, from 500 nm through the
near-infrared wavelengths greater than 800 nm (for ex-
amples, see: Grinvald et al., 1988; Haglund et al., 1992;
Nemoto et al, 1999; Haglund and Hochman, 2004; Sheth
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et al., 2003). The data shown here illustrates the difficul-
ties in comparing results between similar experiments for
data acquired at different wavelengths. For example, our
early optical imaging study in human cortex (Haglund et
al., 1992) was performed with a longpass 690 nm filter,
and hence likely included a mixture of both blood volume
and blood oxygenation signals (Fig. 1). Although such
non-specific wavelengths are useful for localizing activ-
ity, their physiological interpretation is ambiguous.

INTERPRETATION OF “NEGATIVE”
OPTICAL SIGNALS

Optical changes going in the opposite direction as to
what is expected during increases in neuronal activity have
been referred to a “negative signals,” or “dips” (Malonek
and Grinvald, 1996; Buxton, 2001). In the context of the
data presented here, this means positive optical changes
at 535 nm, suggesting a reduction in blood volume, and
negative optical changes at 660 nm suggesting a decrease
in blood oxygenation.

Much careful work has been published and debated
on the interpretation of negative signals (Malonek and
Grinvald, 1996; Buxton, 2001, Lindauer et al., 2001;
Mayhew et al., 2001), and the data shown here is not meant
to address the major open questions on this issue. Rather,
our data are specific to the wavelengths and animal model
used here, and in that context may provide some useful in-
sights. It is important to keep in mind what is meant by a
“negative optical signal”: those optical changes that occur
in an opposite direction to what is expected to be elicited
by neuronal activation at a specific wavelength. Hence to
avoid confusion, we describe these changes as “opposite-
going” optical signals. There was a single type of opposite-
going signal observed at the 535 nm blood volume wave-
length. At low magnification, these optical changes were
always observed to lie within the tissue (rather than larger
vessels) at sites distant from the site of electrical stimula-
tion. In the case of seizure spreading over the neocortex,
these opposite-going blood volume signals were observed
to lag immediately behind the wavefront of positive-going
optical changes.

There were two types of opposite-going changes at the
660 nm blood oxygenation wavelength. The first type had
an early onset and was restricted to the tissue surround-
ing the stimulating electrode. It may be that this type of
opposite-going signal represents a deoxygenation of the
tissue mediated by sufficiently intense electrical stimula-
tion, an interpretation which has been previously proposed
by other investigators (Malonek and Grinvald, 1996; Silva
et al., 2000). The second type of opposite-going signal
occurred some tens of seconds after cessation of the elec-
trical stimulus and epileptiform activity. This signal oc-
curred within veins overlying or next to regions that had
shown opposite-going signals at 535 nm. It may be that this

type of opposite-going signal is due to draining of deoxy-
genated blood arising from the more intense epileptiform
activity that had occurred at some earlier time. Another
possibility is that a sufficient reduction of blood volume
mediated through localized blood stealing might allow for
a deoxygenation of hemoglobin beyond what is normally
observed.

NEOCORTICAL IOS IMAGING FOR STUDYING
SEIZURE ACTIVITY IN ANIMAL MODELS:

HOW WELL DO DIFFERENT SPECIES
COMPARE TO EACH OTHER AND TO THE

HUMAN?

Since the optical signals appear to be exquisitely sen-
sitive to the redistribution and oxygen content of blood
within the cortex, at least two factors suggest there may
be significant species differences in the spatial and tem-
poral dynamics of the optical signal: (i) scale and size
of the neocortex, and (ii) species differences in cortical
vascularization.

The surface area of the human neocortex is at least 10
times larger than the macaque monkeys used in our stud-
ies, and 15% thicker; compared to the mouse, the human
cortex is 1000 times larger and twice as thick (Kaas, 2000;
Striedter, 2005). The activation of a half-centimeter of
cortex (for example) represents an insignificant fraction
of the entire neocortex in the human, but a meaningful
percentage in smaller animals. It might therefore be ex-
pected that phenomena such as blood stealing or deoxy-
genation, which generate opposite-going signals, might be
more prevalent in smaller animals and have significantly
different time courses and spatial patterns than what is
observed in primates and humans. Indeed, a significant
“epileptic dip” has been reported in some rat studies (Suh
et al., 2005), but not observed in human studies (Haglund
and Hochman, 2004, 2005) or in the primate studies re-
ported here. Furthermore, synaptic activity preceding an
epileptiform burst elicited by a pharmacological treatment
might occur over a relatively large fraction of cortex in a
small animal and be sufficient to generate hemodynamic
changes and a corresponding optical signal (Chen et al.,
2000) that may not be present in larger animals.

Species differences in neocortical vascularization may
represent another important factor to consider in the inter-
pretation of IOS imaging studies. There is some evidence
to suggest dramatic phylogenic differences in the orga-
nization of the pial arterial network supplying the cortex
(Mchedlishvili and Kuridze, 1984). Associated with in-
creasing species development is a significant increase in
the density and interconnectivity of the pial network. It
has been suggested that these differences in neocortical
vascularization determine the precision to which hemo-
dynamic changes are correlated to neuronal activity, both
spatially and temporally (Mchedlishvili, 1987). Since the
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pial arterioles nearest the neuronal activity dilate, blood
may be redistributed over a relatively larger surface area
of the cortex in the sparser arterial network of a rat than
in a denser and more interconnected network of a cat,
and much more so than in a primate (Mchedlishvili and
Kuridze, 1984). The differential effects of species varia-
tion in cortical vascularization on the optical signal may be
amplified by intense and prolonged neuronal discharging,
such as what might be associated with various pharmaco-
logical seizure models.

The potential differences between species in the
hemodynamic-related optical signals suggest that caution
is required in the interpretation and comparison of IOS-
imaging data acquired from different seizure models. It
may not be straightforward to generalize results address-
ing hemodynamic regulation and blood oxygenation dur-
ing epileptiform activity obtained from smaller animals,
such as rats and mice to the human. However, IOS imaging
in smaller animals may have other important uses, such
as for comparing the magnitude of the effects of various
treatments on epileptiform activity.

COMPARING IOS IMAGING TO OTHER
IMAGING MODALITIES

IOS imaging is strictly limited to detecting hemody-
namic changes occurring at the cortical surface, but with
micron-level spatial resolution and sufficiently high sensi-
tivity to measure changes occurring within individual mi-
croscopic vessels. Studies using other modalities, such as
BOLD-fMRI, typically report changes from deeper struc-
tures or integrate changes occurring within larger volumes
of cortex with different spatial resolutions and sensitivi-
ties (Kobayashi et al., 2006). Although some studies have
been performed that directly compared neocortical opti-
cal changes and BOLD-fMRI signals (Strangman et al.,
2002), more work is required to better explain the dif-
ferences between data acquired with optical imaging and
other non-optical imaging modalities.

FUTURE DIRECTIONS

Two lines of further research may provide further in-
sight into the interpretation of IOS imaging that would
increase its usefulness as an experimental tool. The first
is to better understand the relationships between optical
changes and neuronal activity (both action potential fir-
ing, and excitatory and inhibitory synaptic activity). Al-
though numerous studies have provided some information
on these relationships (Grinvald et al., 1988), more precise
information may be obtained from studies using newer
technologies. Such technologies might include the use of
fast, sensitive cameras, or photodiode arrays with suffi-
ciently high spatial resolution to map real-time changes
using voltage-sensitive dyes for comparison to the IOS
(Ma et al., 2004). A second area of future investigation is

in establishing the quantitative correlations between ab-
solute changes in blood oxygenation and blood volume to
optical signals acquired at selective wavelengths.
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