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Our understanding of perfusion-based human brain mapping techni-
ques relies on a detailed knowledge of the relationship between
neuronal activity and cerebrovascular hemodynamics. We performed
optical imaging of intrinsic signals at wavelengths sensitive to total
hemoglobin (Hbt; which correlate with cerebral blood volume (CBV))
and deoxygenated hemoglobin (Hbr) directly in humans during
neurosurgical operations and investigated the optical signals associated
with bipolar cortical stimulation at a range of amplitudes. Cortical
stimulation elicited a rapid focal increase in Hbr (initial dip) in all
subjects. An equally rapid increase in Hbt (<200 ms), with a slightly
higher signal-to-noise ratio, was also highly localized for <2 s in spite of
the non-columnar nature of the stimulus, after which the signal spread
to adjacent gyri. A later decrease in Hbr (>3 s), which is relevant to the
blood oxygen level dependent (BOLD) signal, was poorly localized.
Increasing the stimulus amplitude elicited a linear increase in the area
of the optical signal for Hbt and the initial dip but not the late decrease
in Hbr, and a nonlinear increase in optical signal amplitude with a
plateau effect for initial dip, Hbt and late decrease in Hbr.

© 2005 Elsevier Inc. All rights reserved.

Introduction

The field of human brain mapping has undergone a
revolution in the past 10 years as a result of technical advances
in high-resolution perfusion/oxygenation-based techniques such
as fMRI and optical recording of intrinsic signals (ORIS). Both
techniques are based on the work of Roy and Sherrington
(1890) who observed a coupling between electrical activity and
cerebral blood flow (CBF) in the microcirculation (Roy and
Sherrington, 1890). More recently, Fox and Raichle (1986)
demonstrated that increases in CBF, which occur 1-2 s after
the neurons become active, are far greater than increases in
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metabolic demand (CMRO,) (Fox and Raichle, 1986; Fox et al.,
1988). This mismatch leads to an increase in oxygenated
hemoglobin (HbO,), which causes a relative decrease in the
concentration of Hbr and is the basis of the BOLD signal seen
with fMRI (Ogawa et al., 1990). It is still controversial whether
the increase in CMRQO, causes a transient focal increase in
deoxygenated hemoglobin (Hbr) in the first few hundred
milliseconds after the neurons become active (Devor et al.,
2003; Forsting et al., 1993; Frostig et al., 1990; Nemoto et al.,
1999; Sheth et al., 2003; Malonek and Grinvald, 1996; Ernst
and Henning, 1994; Mayhew et al., 1999; Vanzetta and
Grinvald, 1999; Menon et al., 1995;Hu et al., 1997; Kim et
al., 2000; Lindauer et al., 2001; Logothetis et al., 1999;
Frannson et al., 1998; Mandeville et al., 1999; Silva et al.,
2000). Critics contend that this “initial dip” is an epiphenom-
enon of the experimental method, based on species, level of
anesthesia, data analysis method or merely secondary to changes
in blood volume (Buxton, 2001; Buxton et al., 1998; Lindauer
et al., 2001).

The putative existence of this early increase in Hbr is of critical
importance. As a mapping signal, the early CMRO,-related
increase in Hbr may have a more precise spatial correlation with
the population of active neurons than the later CBF-related
decrease in Hbr that forms the basis of the BOLD mapping signal.
One hypothesis for the inconsistent presence of the initial dip is
based on a theoretical tissue oxygen buffer (Buxton et al., 1998). In
this model, activation of a small population of neurons may not
sufficiently increase CMRO, to affect an increase in Hbr, whereas
higher levels of activation will overcome the buffer. In support of
this theory, Suh et al. (2005) recently demonstrated a large increase
in Hbr following epileptiform events, in which enormous
populations of neurons are simultaneously active.

Another potential mapping signal arises from very early
activity-related increases in cerebral blood volume (CBV), which
were initially thought to be less localizing than the initial dip
(Frostig et al., 1990; Malonek and Grinvald, 1996). Recent animal
data, however, have shown that increases in CBV may be highly
localized within the first 2 s after the electrophysiological event,
potentially offering a better signal-to-noise ratio than the initial dip
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(Sheth et al., 2003; Erinjeri and Woolsey, 2002; Hess et al., 2000;
Nemoto et al., 2004; Sheth et al., 2004). Although as a mapping
signal, its utility may depend on the columnar distribution of
microvascular modules (Sheth et al., 2004; Vanzetta et al., 2004;
Woolsey et al., 1996).

Our understanding of the spatiotemporal dynamics of
perfusion and oxygenation associated with neuronal activity
arises mainly from animal experiments on normal sensory
processing of columnar activity. Whether these data apply to
the human brain and to non-columnar activity is unclear since
techniques with sufficient resolution to address these questions,
such as ORIS or oxygen-sensitive electrodes, are invasive and
difficult to perform on the human brain for both technical and
ethical reasons.

The recent implementation of ORIS in the neurosurgical
operating room for human brain mapping has generated a great
deal of excitement since it potentially has the highest combined
spatial and temporal resolution of any human imaging technique
(Cannestra et al., 2001; Cannestra et al., 1998; Haglund et al., 1992;
Pouratian et al., 2003; Sato et al., 2002a; Shoham and Grinvald,
2001; Haglund and Hochman, 2004). At isosbestic wavelengths of
hemoglobin where HbO, and Hbr reflect light equally (525, 545,
570.5 and 583 nm) (Sheth et al., 2003), ORIS measures total
hemoglobin (Hbt), which is directly proportional to CBV and CBF
assuming that the concentration of red blood cells remains constant
(Nemoto et al., 2004; Mayhew et al., 2000). At higher wavelengths
(600—-650 nm), the majority of the signal arises from the
oxygenation state of hemoglobin since Hbr absorbs light with three
times the absorption coefficient of HbO, (Malonek and Grinvald,
1996; Sato et al., 2002b) Hence, a decrease in light reflection
indicates an increase in Hbr. With multiwavelength imaging and a
modified Beer—Lambert law calculation, it is possible to directly
calculate Hbr, HbO, and Hbt.

Several groups have reported intraoperative single wave-
length imaging of intrinsic signals, ranging from 605 to 695
nm, in response to sensory and epileptiform events, with little
investigation into the spatial specificity of the various compo-
nents of the intrinsic signal (Cannestra et al., 1998; Haglund
and Hochman, 2004; Haglund et al, 1992; Pouratian et al.,
2003; Sato et al., 2002a; Shoham and Grinvald, 2001). Optical
responses have generally been monophasic with little evidence
or mention of an initial dip. We used the opportunity provided
by patients with epilepsy who are undergoing a craniotomy for
implantation of subdural electrodes to investigate the spatiotem-
poral dynamics of perfusion and oxygenation associated with
the activation of graded populations of neurons using multi-
wavelength ORIS. We chose to activate the cortex with bipolar
cortical stimulation since this form of direct cortical stimulation
produces highly localized current flow in a non-columnar
distribution, exciting nearly 90% of adjacent cells with rapid
spatial fall-off, and the number of responding cells varies
directly with the amplitude of stimulation, with a plateau effect
(Butovas and Schwarz, 2003; Nathan et al., 1993).

Methods
Subjects

Eight patients undergoing craniotomy for resection of medically
intractable epilepsy gave consent for the imaging procedure

described below, which was approved by the Institutional Review
Board at Weill Cornell Medical Center. Most patients had
undergone a prior craniotomy for implantation of electrodes to
record interictal and ictal electrographic data and for stimulation
mapping of motor, sensory, and language cortex. Hence, prior to
ORIS, the location of the seizure focus as well as surrounding
functional cortex was known. ORIS was performed during a
second operation when electrodes were removed from the brain,
just prior to resective surgery. ORIS was performed under general
anesthesia consisting of isoflurane (<0.2%) and remyfentanyl (1
ng/kg/h). All other anesthetic agents were discontinued 20 min
prior to the start of the experiment.

Electrical stimulation and recording

Two 4-contact strip electrodes (interelectrode distance—1 cm;
Ad-Tech, Madison, WI) were placed on surface of the brain adjacent
to one another (Fig. 1B). The two distal contacts of one strip were
used for electrical stimulation, while the two distal contacts of the
second strip were used to record surface potentials from an adjacent
gyrus (Fig. 1B). The use of two separate strips allowed for maximal
flexibility in choosing the site of stimulation and recording.
Stimulation was performed on the crest of a gyrus, either within
the epileptic focus (4 subjects) or in an adjacent brain (4 subjects) in
either the parietal or frontal lobe, at least 1 cm from the Sylvian
fissure or other large superficial veins. The epileptic focus was
defined as areas of ictal onset or interictal spiking during chronic
recordings from the surface of the brain with implanted electrodes.
Stimulation outside of this area was considered “adjacent” brain.

Bipolar stimulation was delivered either from an Ojemann
Stimulator (Integra Neurosciences) or an S-12 stimulator (Grass-
Telefactor), triggered by the ORIS computer. Biphasic trains of 1 ms
pulses were delivered at 60 Hz for 2 or 3 s at amplitudes of 1 to 4 mA.
The amplitude and stimulation lengths were similar to parameters
used during electrical stimulation mapping of the human brain for
neurosurgical procedures (Ojemann, 1991). Parameters remained
constant within a given experiment.

Electrocorticography data were amplified (Grass 1P511) and
digitized at 2000 Hz (CED Power 1401, Cambridge, UK) and
recorded onto a PC using Spike 2 (Cambridge Electronic Design,
Cambridge, UK). Online examination was performed to ensure the
absence of afterdischarges and spreading depression for each trial
(Fig. 1D). Recordings looked similar for all non-rejected stimula-
tion trials, and therefore other examples are not shown. The EKG
was taken directly from the anesthesia machine and digitized onto
a PC and recorded with an oscilloscope (BK Precision, 2120B) and
window discriminator (FHC) to trigger the ORIS acquisition
computer.

Optical imaging

A sterile glass footplate (4 x 4 cm) was placed on the
surface of the brain over the electrodes for stabilization and to
dampen the movement artifacts caused by heartbeat and
respiration. A custom-made camera holder with gross and fine
x—y—z manipulators was used to suspend the camera over the
surface of the brain (Imager 3001D—analog camera, Optical
Imaging Inc., Germantown, NY) (Fig. 1A). A single 35 mm
lens was used for image acquisition since a back-to-back lens
system did not provide an adequate field of view (Schwartz et
al., 2004; Ratzlaff and Grinvald, 1991). We performed 3 x 3
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Fig. 1. Experimental set-up and reproducibility of the stimulus-induced optical signal. (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) Two strip electrodes are placed on the surface of the
brain, a stimulating electrode (S.E.) and a recording electrode (R.E.). The surface of the brain is stabilized with a glass footplate. Image acquired at 546 nm.
Scale bar: 1 cm. (C) At 6 s following stimulation at 3 mA, the optical signal derived from two separate individual trials is nearly identical to the signal averaged
over 6 trials, at 546 nm, 605 nm, and 630 nm. At this moment in time, the signal at 546 nm reveals an increase in Hbt around the stimulating electrodes, while
the images at 605 and 630 reveal changes in the concentration of Hbr, in a similar location. Notice that the image acquired at 605 nm is nearly identical to the
image acquired at 630 nm. The locations of the stimulating and recording electrodes are indicated with gray circles. Scale bar: 1 cm. (D) The
electrocorticography recordings reveal a 2-s stimulus artifact and the absence of afterdischarges or spreading depression.

binning of the 768 x 480 pixel resolution to reduce the size of
each dataset. The operating room was darkened and the cortex
illuminated with a ring illuminator attached to Tungsten halogen
lamp (100 W). The light was passed through bandpass filters of
different wavelengths, first at 546 + 10 nm to record the surface
blood vessel pattern and then at 546 + 10 nm and either 605 +
10 nm or 630 = 10 nm, or both 605 £ 10 and then 630 £ 10
nm following electrical stimulation. We chose the investigate
Hbr at two separate wavelengths since earlier studies in animals
were done at wavelengths ranging from 605 to 630 nm (Sheth
et al., 2003; Vanzetta et al., 2004; Ratzlaff and Grinvald, 1991),
and we wished to determine if this difference would affect the
signal in humans. The optical reflectance signal was digitized
onto a PC at 33 frame/s and integrated at variable frame rates
from 2 to 10 Hz, which were kept constant during a given
experiment. We used 2 Hz to examine the time course of the
signal throughout the trial and 10 Hz to measure the latency of
onset of the signal immediately after stimulation.

Experiments consisted of 6—12 trials of cortical stimulation
at each amplitude, delivered in nonrandom order. In some
experiments, low amplitude stimulation was given first, and, in
other experiments, high amplitude stimulation was first, which
had no influence on the results. Image acquisition began
simultaneously with electrical stimulation. The interstimulus
interval was 44 s. Imaging at each wavelength was performed
sequentially, but the order was varied between experiments.

Data analysis

Pixel values of the raw data for each trial were measured. We
noted periodic, random, non-stimulus-related fluctuations in
cortical reflectance with an amplitude of 5—8%. Trials with this
large “vasomotor noise” were eliminated. In general, only 1 or 2
trials per subject were eliminated due to this noise, which has a
periodicity of 0.1 Hz in animals (Mayhew et al., 1996) but is more
irregular in humans (0.1-0.2 Hz) (Shoham and Grinvald, 2001).
Stimulus-related changes in the amplitude of light reflectance
were appreciated by dividing each frame acquired after cortical
stimulation by the frame acquired at the onset of stimulation and
then averaged over all trials of the same amplitude and
wavelength. Since the ORIS signal following electrical stimulation
is so large, the signal-to-noise ratio is sufficiently high that little
averaging is required. In fact, a single trial was usually adequate
to generate reasonable data, although we always used averaged
data in our analysis to increase the signal-to-noise ratio. Change in
reflection of light was calculated as —AR/R (%) from multiple
regions of interest using custom-written software (Matlab, The
Mathworks). Images were filtered with a moving 5 x 5 vector for
smoothing for presentation in figure form. The signal-to-noise
ratio was calculated by dividing the amplitude of the signal at its
maximum by the amplitude of the variations in the optical signal
during the last 5 s of the control or “no stimulus” trial. The area
of activation was calculated based on statistically significant
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changes in light reflection for each pixel according to the
following methods. Pixels with a change in reflection beyond 3
SD above or below the mean compared with baseline were
considered significant. Baseline was defined from an ROI
measured between the stimulating electrodes prior to cortical
stimulation.

Spectroscopic calculations and terminology

Recordings at 546 nm, an isosbestic wavelength for
hemoglobin, measure Hbt. Since Hbt is proportional to CBYV,
if the hematocrit remains constant, we refer to the optical signal
at this wavelength as CBV. Optical recordings at 605 and 630
nm are not a pure measure of Hbr since this wavelength is also
sensitive to HbO,, albeit less so than Hbr, and thus can
theoretically be contaminated by large increases in CBV. Hence,
the concentration of Hbr must be calculated using a modified
form of the Beer—Lambert law which described light attenuation
in the presence of absorbance and scattering:

14 . ) )
logﬁ = (&fpA[Hbr] (1) + g0, X A[HbO,](1)) x I + AS (1)

where /, is the pre-stimulus intensity, /(¢) the measured intensity
time course, ¢ extinction coefficients, / the pathlength through
the tissue, S scattering, A[Hbr](r) and A[HbO?](¢) is the time
course of change in absorbers, and superscript 4 indicates
wavelength dependency. By measuring /, and I(r) at two
wavelengths and using the known wavelength dependency of
the optical path length (x = ¢ x /) (Sheth et al., 2004), we
determine a pathlength corrected value of A[Hbr](z) and
A[HbO,](¢). Wavelength dependency of the optical path length
was drawn from work by Sheth et al. using an in vitro phantom
(Sheth et al., 2004, Fig. 1).
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Results

Reproducibility of intrinsic signal changes following cortical
stimulation

After eliminating trials with afterdischarges or significant
vasomotor noise, we found that bipolar stimulation of the human
cortex elicited an extremely reliable and reproducible optical
signal, regardless of the wavelength of incident light (Fig. 1C). Our
data could not be confused with vasomotor noise since the signals
were temporally linked to electrical stimulation; furthermore, no
evidence of spreading depression was observed on the recording
electrodes. Two-dimensional cross correlations between images
from individual trials were highly significant, regardless of
wavelength (» = 0.76, P < 0.01). Images recorded at 605 nm
were nearly identical with images recorded at 630 nm (» = 0.85, P <
0.01), and so the data recorded at these two separate wavelengths
were pooled for further analysis (Fig. 1C). All electrical recording
traces appeared similar, showing a stimulus artifact for the duration
of the stimulation followed by a brief surface negativity (Fig. 1D).
This is consistent with the known effects of epicortical stimulation,
namely, a burst of excitatory activity followed by a period of
inhibition (Butovas and Schwarz, 2003; Creutzfeldt et al., 1966).

Amplitude, time course, and spatial spread of CBV and Hbr

The intrinsic signal measured from a region of interest (ROI)
between the stimulating electrodes recorded at 546 nm was
monophasic (Fig. 2), and the mean (SD) maximal signal, measured
as —AR/R (%), was 12.7 +5.3% (averaged among subjects recorded
within the epileptic focus (EF)), 7.47 + 3% (averaged among
subjects recorded outside the epileptic focus (OF)), and 9.7 + 5% for
all subjects (AS). At wavelengths sensitive to Hbr, the intrinsic
signal was clearly biphasic (Fig. 2). Early, within the first 1 -2 s after

ROI #1

O
P
O
5

o
—
o

0.3 7

0n
i g} 02 ‘AA“A Hb02
: S |
@ 4
0.05 5 01
=
0 E 0.1 1
-0.05 ° 0.2 f
o Hbr
-0.1 w o3 o
H ROI #2
1.2 w12
o
1 2 g
©
0.8 5os Hbt
06 B 06
N
0.4 Hbt T 04 /'
02 E o2
o 546 nm
0 2 0
2s 2s

Fig. 2. Time course of intrinsic signal recorded at 546 nm and 630 nm and calculated Hbr, HbO,, and Hbt. (A and B) Time course of intrinsic signal recorded at
546 nm and 630 nm from ROI; (A) and ROI,. (B) from Fig. 3A. (C and D) Time course of calculated Hbr, HbO,, and Hbt signals at ROI,; (C) and ROIL, (D). (E
and F) Normalized time course of 630 nm and Hbr from ROI,; (E) and ROI, (F). Similar temporal profiles and peak magnitude coupling suggest high
correlation between recorded intrinsic signal and calculated Hbr. (G and H) Normalized time course of 546 nm and Hbt from ROI, (G) and ROI, (H). Changes
in Hbt reflect changes in intrinsic signal recorded at 546 nm. Gray bar marks duration of cortical stimulation.



70

stimulation, a decrease in reflection was recorded between the
stimulating electrodes with a —AR/R (%) of 2.7 £ 1.5% (EF), 4 =
1.8% (OF), and 3.5 + 1.7% (AS). The signal-to-noise ratio of this
early increase was 3.6, which was significantly smaller than the
intrinsic optical signal recorded at 546 nm (6.7) ( P <0.05), which is
comparable to that obtained in laboratory animals (Nemoto et al.,
2004). Since there was no significant difference between signals
recorded within or outside the focus, the two results were averaged
together for the rest of the paper.

Using a modified Beer—Lambert law with pathlength correc-
tion, we calculated Hbr, HbO,, and Hbt. Early increases in Hbr and
decreases in HbO, were seen in all patients. The maximum Hbr
and minimum HbO,, measured as a fractional change (mean + SD),
was 0.14 + 0.06 and —0.09 + 0.04 respectively. In contrast, a more
gradual increase in Hbt (proportional to CBV) peaked ~6 s after
stimulation with a maximal fractional changes of 0.10 + 0.04. At
this very late time point, the signal had spread far beyond the
stimulating electrodes to adjacent gyri (Fig. 3). The mean area of
spread of Hbt was 164.63 + 119.96 mm”.

The area of spread of Hbr signal, on the other hand, was 77.16 £
35.11 mm?, which was more focal than the Hbt signal at its
maximum (Fig. 3D). On average, after 2—3 s, the Hbr signal
inverted indicating a decrease in Hbr, which is relevant to the
BOLD signal. However, persistent focal decreases in Hbr could be
seen for as long as 8 s in certain patients, particularly, with higher
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levels of stimulation (Figs. 3 and 4). The amplitude of this late Hbr
signal was —0.32 + 0.13, and the signal-to-noise ratio was 8.7. The
area of the later decrease in Hbr was largest, reaching 349.05 +
200.97 mm? at its maximum and was centered around the large
draining veins (Figs. 1C, 3B). The area of spread of this decrease in
Hbr reached its maximum ~10 s. The relative amplitude of the
initial dip to the late decrease in Hbr was 1:4.5. Hence, at their
respective maxima, the area of spread of the decrease in Hbr was
larger than the Hbt signal, which was larger than the initial dip
(ANOVA, P < 0.02). Of note, images recorded at 546 nm were
significantly correlated with images of Hbt (» > 0.86, P < 0.01) as
were images recorded at either 605 or 630 nm with Hbr images
(r > 0.89, P <0.01). Hence, the Beer—Lambert correction did not
significantly change the raw optical signals. For this reason,
uncorrected images are presented in Fig. 4.

Latency and spatial specificity of “very early” intrinsic signal

In order to determine the latency of the Hbt- and Hbr-related
optical signal, we measured the intrinsic signal changes with a
frame rate of 10 Hz in a subset of patients (n = 4). A statistically
significant change in reflection was measured as early as 200 ms at
546 nm, at 100 ms at 605 nm, after stimulation (Fig. 4B). Such a
rapid change in reflection is also seen after epileptiform events in
animal models (Suh et al., 2005). At 1 s after stimulation, the area

Late

Very Late

546 nm

Hbt

630 nm [

Hbr

Fig. 3. The “initial dip” in hemoglobin oxygenation occurs earlier and more focally than CBV. (A) Surface of the brain with stimulating electrode (S.E.) under
glass footplate at 546 nm. The recording electrode is outside the field of view. The yellow boxes are ROIs from which the data in Fig. 2 are taken. ROI,; sits
between the stimulating electrodes, and ROI, sits over an adjacent gyrus. Scale bar: 1 cm. (B) Intrinsic signal recorded at 546 and 630 nm at varying latencies
after stimulation shows that, although the amplitude of the signal at 546 nm is larger than at 630 nm, the initial changes in signal recorded at 630 nm are more
focal than the change in signal recorded at 546 nm, even within the first 2 s after stimulation. Images recorded at 546 nm and 630 nm were nearly identical with
calculated Hbt and Hbr images (» = 0.89, P < 0.05). As time passes, the Hbt signal spreads diffusely throughout the cortex. At increasing latencies, a decrease
in Hbr, consistent with the BOLD effect, appears in widespread cortical areas around the stimulating electrode as well as in the region of the “initial dip”. (C)
Statistically significant area of activation recorded at 546 and 630 nm and statistically significant area of calculated Hbt and Hbr images at different latencies
after stimulation. The area of activation was determined based on statistically significant changes in light reflection for each pixel (3 SD above or below the
baseline). Example is from a different patient than shown in Fig. 1. Location of stimulating electrodes shown with gray circles. Scale bar: 1 cm.
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Fig. 4. Latency and amplitude dependence of intrinsic optical signals. (A) Cortical surface imaged at 546 nm shows locations of stimulating electrode (S.E.)
and recording electrode (R.E.) in relation to surface vasculature. (B) Intrinsic signal recorded every 0.1 s shows a focal change in the amplitude of light
reflectance at the site of the stimulating electrode starting ~0.2 s following cortical stimulation at both wavelengths. (C) Intrinsic signal at different time points
following cortical stimulation at varying amplitudes reveals amplitude dependence of —AR/R (%) and area of spread of intrinsic signal. Gray circles indicate

positions of stimulating and recording electrodes. Scale bars: 1 cm.

of spread of the intrinsic signal was 42.20 + 38.37 mm? at 546 nm
versus 47.35 + 37.09 mm? at 605 nm (n.s.). Hence, at these very
early time points, the intrinsic signal was highly localized to the
region of cortical stimulation, regardless of wavelength. Neverthe-
less, the amplitude of the intrinsic signal at these very early time
points was slightly larger at 546 nm (1.6 £ 0.6%) than at 605 nm
(0.9 £ 0.4%).

Correlation between amplitude of electrical stimulation and
intrinsic signal

We measured the intrinsic signal at each wavelength while
varying the amplitude of cortical stimulation from 1 to 4 mA,
in 1 mA increments (n = 3). Increasing the stimulus amplitude
elicited an increase in both the area of spread and the change in
the amplitude of light reflectance (Fig. 4C). A similar finding
has been reported following hindlimb stimulation in rat (Sheth
et al, 2003, 2004). The relationship between the stimulus
amplitude and the area of spread was well approximated by a
linear fit for both the late decrease in Hbr (BOLD-like signal)
(r > 0.90) and the Hbt (» > 0.89) signals. The initial dip,
however, fit best to a second order polynomial (» = 0.91; Fig.
SE). On the other hand, the relationship between the change in
the amplitude of light reflectance and the stimulus amplitude
was best fit with a second order polynomial for all signals, with
a plateau effect (r > 0.90; Fig. 5F).

Discussion

We report the first measurements of deoxygenated hemoglobin
in the human at such high spatial and temporal resolution.
Although our data are derived from patients with epilepsy,
neurosurgical operations for the treatment of disease currently

provide the only access to the exposed human brain. We find that
the initial dip in hemoglobin oxygenation is present at all
stimulation amplitudes and is highly localized to the area of
neuronal activity following direct cortical stimulation. In addition,
within the first 1-2 s, the increase in Hbt is equally as focal as the
initial dip and thus can provide another source for high-resolution
cortical mapping in humans, even with non-columnar neuronal
activity. At later time points (>3 s), the decrease in Hbr, which is
relevant to the BOLD signal, and the Hbt signal are no longer
localized to the region of electrophysiologic activation and involve
several centimeters of surrounding cortex as well as adjacent gyri.
However, the initial dip remains highly localized for the duration of
its existence.

Although the initial dip has been demonstrated in several
species with techniques including ORIS at wavelengths sensitive to
Hbr (600—-660 nm) (Nemoto et al., 1999; Devor et al., 2003;
Frostig et al., 1990; Sheth et al., 2003), imaging spectroscopy
(Malonek and Grinvald, 1996; Mayhew et al., 1999), oxygen-
sensitive electrodes (Thompson et al., 2003, 2004; Ances et al.,
2001), oxygen-dependent phosphorescence quenching (Vanzetta
and Grinvald, 1999), and fMRI at 1.5 and 4-T (Ernst and Henning,
1994; Menon et al., 1995; Hu et al., 1997; Logothetis et al., 1999;
Kim et al., 2000), there is ample evidence of an absence of an
initial dip with these techniques and its existence remains
controversial (Lindauer et al., 2001; Frannson et al., 1998;
Mandeville et al., 1999; Silva et al., 2000; Sheth et al., 2004).
Other explanations for inconsistent results point to the dependence
of the initial dip on anesthetic techniques, pO,, analysis algorithm,
as well as stimulus and species dependence (Lindauer et al., 2001;
Vanzetta and Grinvald, 2001). Another criticism has been that,
since HbO, does absorb some light at wavelengths sensitive to
hemoglobin oxygenation, large changes in Hbt might influence the
optical signal and contaminate the data. However, laboratory
studies in animals using oxygen-sensitive electrodes have con-
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Fig. 5. Time course and relationship between stimulus amplitude and perfusion and oximetry. (A, B, C) Graph of statistically significant pixels of increased Hbt
(A), increased Hbr (B), and decreased Hbr (C) activation calculated using the modified Beer—Lambert law. Gray bar marks duration of stimulation. Data are
from a different patient than shown in Figs. 1 and 3. (D, E, F) Graph of relationship between stimulus amplitude and maximal area of spread of increased Hbt
(D), increased Hbr (E), or decreased Hbr (F). (G, H, I) Graph of relationship between stimulus amplitude and maximal change in increased Hbt (G), increased
Hbr (H), or decreased Hbr (I). Note that an increase in stimulus amplitude causes a linear increase in the area of the initial dip and Hbt signals but a nonlinear
increase in the BOLD signals and nonlinear increases in percent light change for all signals with a plateau effect.

firmed that tissue oxygen changes parallel the optical data recorded
at these wavelengths (Ances, 2004; Thompson et al., 2003, 2004).

We found that, at low levels of cortical stimulation, the initial
dip was patchy and inhomogeneous which may explain its elusive
nature in other experiments involving physiologic cortical stimu-
lation following normal sensory input. Our laboratory has also
found a large dip in hemoglobin oxygenation following both
interictal (Suh et al., 2005) and ictal (Bahar et al., 2005)
epileptiform events in the rat. Pharmacologically induced seizures,
like bipolar stimulation, however, are non-physiologic cortical
events which activate large populations of neurons simultaneously.
Based on our data, we propose that the ability to detect the initial
dip may depend on the magnitude of the cortical stimulus (i.e.
degree of synaptic activity). Cortical processing of physiologic
sensory stimulation may produce such a small decrease in
oxygenation that it is just at the limit of detection with current
instruments. Alternatively, a tissue oxygen buffer may mask the
initial dip until CMRO, is high enough (Buxton, 2001; Buxton et
al., 1998). Studies in rats using graded hindlimb electrical
stimulation have shown that the initial dip was smaller with lower
amplitude stimulation (Nemoto et al., 2004; Sheth et al., 2004) and
hypothesized that low levels of synaptic activity may not require
oxygen extraction from the vasculature (Sheth et al., 2004).
Likewise, stimulating the rat whisker physiologically was shown

to elicit no dip in one study (Lindauer et al., 2001), while electrical
stimulation elicited a graded dip based on the amplitude of
stimulation (Jones et al., 2001). In cat visual cortex, single-unit
spike rate was found to be directly proportional to the degree of
deoxygenation (Thompson et al., 2003). Hence, both epilepsy and
bipolar stimulation appear to be useful non-physiologic experi-
mental models for examining the relationship between cortical
activity, metabolism, and oxygen utilization since they stress the
system into a state of hypermetabolism which may deplete the
hypothetical oxygen buffer leading to a supranormal initial dip
(Buxton, 2001; Buxton et al., 1998).

The early focal increase in Hbt we recorded in human cortex
following bipolar stimulation complements recent experiments in
rodent somatosensory cortex and monkey visual cortex that have
demonstrated the localization potential of CBV as signal for precise
brain mapping (Sheth et al., 2003, 2004; Erinjeri and Woolsey,
2002; Vanzetta et al., 2004). Earlier experiments using ORIS had
shown that CBV-based signals correlated less accurately with
neuronal activity since the signal is vascular-based and over-
compensates for the metabolic demands of the cortex by “watering
the garden for the sake of one hungry flower” (Frostig et al., 1990;
Malonek and Grinvald, 1996). More recent studies have shown
that CBV colocalizes with neuronal activity when measured within
the first 1-2 s after the neuronal event (Sheth et al., 2003, 2004)
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and when contributions from macrovasculature can be minimized
(Vanzetta et al., 2004). The ability to use Hbt (CBV) rather than the
initial dip or later decrease in Hbr (BOLD) as a mapping signal
may be important for fMRI since the signal-to-noise ratio is higher
than for the initial dip and spatial specificity is greater than for the
BOLD signal. However, the utility of the CBV signal for mapping
functional architecture had always presumed an anatomic relation-
ship between functional architecture (e.g., cortical columns) and
penetrating arterioles (Sheth et al., 2004; Woolsey et al., 1996;
Vanzetta et al., 2004; Cox et al., 1993). These data were supported
by conversion cast studies showing dense capillary networks
confined to single barrels in rat neocortex (Cox et al., 1993,
Woolsey et al., 1996) and correlations between capillary density
and intrinsic optical signals (Harrison et al., 2002). In our study, the
region of bipolar stimulation did not overlap with a single cortical
column but likely encompassed multiple columns. We have
similarly shown that non-columnar epileptiform activity can be
localized with the CBV signal (Suh et al., 2005). These data
support the existence of CBV and CBF regulation at the level of the
capillary in humans and the ability of this signal to map cortical
events that do not correspond directly with columnar architecture.
Corrosion cast studies in humans demonstrate myocytes and
pericytes around arterioles and capillaries which can mediate fine
cerebral autoregulation (Reina-De La Torre et al., 1998). Our use
of single condition subtraction rather than differential imaging also
supports this theory since we did not artificially remove the extent
of the signal change.

The relationship between stimulus amplitude and the optical
signal has been investigated primarily in rat somatosensory cortex
(Devor et al., 2003; Sheth et al., 2003, 2004; Nemoto et al., 2004).
Some studies demonstrated that hemodynamic responses increase
beyond an electrophysiologic plateau at all wavelengths (Devor et
al., 2003). In contrast, others have shown that the oxygen-
dependent signals, which vary with anesthetic state and blood
gas tension, are nonlinear and less reliable indicators of the degree
of neuronal activity compared with CBV-related signals, which are
linear within a narrow range (Sheth et al., 2003, 2004; Nemoto et
al., 2004). The existence of a tissue oxygen buffer also contributes
to nonlinearities since low levels of synaptic activity may not
require increases in oxygen extraction (Buxton et al., 1998; Sheth
et al., 2004). The relevance of these findings in rat to human brain
mapping is unclear. We found a linear relationship between
stimulus amplitude and the area of the optical signal for both the
initial dip and the CBYV, but not BOLD signals. On the other hand,
the percent change in reflection of light increased nonlinearly for
both the CBV and oximetry signals and then plateaued at high
levels of stimulation. These results imply that with increasing
stimulation there are hemodynamic changes in progressively larger
areas of cortex, possibly reflecting activation of a larger population
of neurons, but the hemodynamic effects saturate in any individual
area. Presumably, cortical stimulation depolarizes a majority of
local neurons, and increasing the stimulus amplitude recruits
adjacent neurons rather than depolarizing more neurons locally.
This finding in humans may be species-specific. On the other hand,
our results in humans may not be as “clean” as laboratory studies
in animals since time constraints limit the number of repetitions of
each paradigm. We noticed that vasomotor noise in the human,
which occurs at 0.1 Hz in the rat (Mayhew et al., 1996), caused a
large artifact but at a very irregular and unpredictable frequency, as
previously noted (Shoham and Grinvald, 2001). For this reason, all
trials with detectable vasomotor noise were eliminated prior to

analysis. In addition, we cannot rule out the possibility that patients
with epilepsy have abnormal neurovascular coupling compared
with normals, although we found similar results when our data
were recorded within or adjacent to the epileptic focus.

Our results also have clinical implications. Cortical stimula-
tion mapping has been used for decades to localize functional
brain areas during neurosurgical procedures (Ojemann, 1991;
Uematsu et al., 1992; Schwartz et al., 1999). The mechanism is
presumed to be direct depolarization of cell somata and axons
causing local activation (Ranck, 1975). Hence, stimulation of
primary areas such as Rolandic or visual cortex causes positive
phenomena such as movement, sensation, or the appearance of
phosphenes. Direct cortical stimulation in higher order areas,
such as language cortex, does not elicit positive phenomena but
rather interrupts cortical processing and generally requires much
higher amplitude stimulation than in primary areas. The
mechanism by which cortical stimulation disrupts cortical
processing is not known, but hypotheses include disruption of
synaptic activity, desynchronization, and neurotransmitter deple-
tion (Nathan et al., 1993; Haycock et al., 1987). We offer a
novel hypothesis for the mechanism whereby stimulation
mapping disrupts cortical activity at high amplitudes, namely,
transient focal ischemia. The duration of the increase in
deoxygenated hemoglobin in our study increased nonlinearly
with increasing stimulus amplitude and at the higher amplitudes
lasted as long as 6 s following a 2-s stimulation. This delay is
consistent with phenomenology and psychophysical responses to
cortical stimulation during language mapping since subjects’
neuropsychological functions do not return to baseline the
instant the stimulation ceases but rather may require several
seconds for recovery. Lengthy stimulation at sufficiently high
amplitudes could potentially cause permanent damage from
ischemic or excitotoxic injury (Yuen et al., 1981). Our results
confirm the focality of bipolar cortical stimulation in humans
with respect to the initial dip in hemoglobin oxygen, while the
late increase in Hbt and late BOLD-related signal was more
widespread, often involving adjacent gyri. Thus, we can
conclude that it is unlikely that decreases in Hbr or increases
in Hbt have a significant effect on human cortical processing
since electrical stimulation can interrupt language processing in
one l-cm? area of cortex while stimulation in an adjacent 1-cm?
area leaves language unaffected (Ojemann, 1991).
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