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Localized evoked activity of the human cortex pro-
duces fast changes in optical properties that can be
detected noninvasively (event-related optical signal,
or EROS). In the present study a fast EROS response
(latency E100 ms) elicited in the occipital cortex by
visual stimuli showed spatial congruence with fMRI
signals and temporal correspondence with VEPs, thus
combining subcentimeter spatial localization with sub-
second temporal resolution. fMRI signals were re-
corded from striate and extrastriate cortex. Both areas
showed EROS peaks, but at different latencies after
stimulation (100 and 200–300 ms, respectively). These
results suggest that EROS manifests localized neuro-
nal activity associated with information processing.
The temporal resolution and spatial localization of this
signal make it a promising tool for studying the time
course of activity in localized brain areas and for
bridging the gap between electrical and hemodynamic
imaging methods. r 1997 Academic Press

Key Words: noninvasive optical imaging; event-
related optical signal (EROS); fMRI; VEPs; functional
brain mapping; photon migration in tissues.

INTRODUCTION

Noninvasive functional imaging of the human brain
has become a central tool in neuroscience and psychol-
ogy. Current procedures based on hemodynamic meth-
ods yield data with great spatial resolution and electro-
physiological recordings provide excellent temporal
detail (Churchland and Sejnowsky, 1988; Toga and
Mazziotta, 1996). However, analysis of the time course
of neural activity in specified brain areas is still difficult
and often requires the adoption of modeling algorithms
(e.g., Clark and Hillyard, 1996; Heinze et al., 1994). In
this paper we report on a novel approach to this
problem based upon the use of noninvasive optical
methods in combination with hemodynamic and electro-

physiological data to obtain direct measures of the time
course of activity in localized brain areas.

A basic premise of this approach is that neuronal
activity is associated with rapid changes in optical
properties of neural tissue and in particular with
changes in light scattering. This is well documented in
single units. Action potentials are accompanied by
changes in the light scattering properties of the neuro-
nal membrane that closely mirror the time course of the
electrophysiological signal (Cohen, 1972; Hill and Key-
nes, 1949; Stepnowski et al., 1991). Recent data support
the claim that changes in light scattering can also be
observed at a greater, macroscopic level: intrinsic
changes in light scattering as a result of functional
neural activity have been demonstrated in bloodless
hippocampal slices (Frostig et al., 1990) and in the
exposed cortex of living animals (e.g., Malonek and
Grinvald, 1996). Interestingly, Malonek and Grinvald
(1996) have shown that the scattering changes begin
immediately after the onset of cortical activation and
return to prestimulation baseline levels immediately
after the cessation of stimulation. This finding suggests
that continuous measures of the scattering properties
of cortical areas could be used to monitor their state of
activation and therefore to provide indices of the time
course of activity in these areas. The rapid time course
of the scattering changes contrasts with the slower
time course of the light absorption changes, which can
also be observed in association with cortical stimula-
tion. These absorption changes are related to various
hemodynamic phenomena lagging the neuronal activ-
ity by up to several seconds (Frostig et al., 1990;
Grinvald et al., 1986; Haglund et al., 1992; Malonek
and Grinvald, 1996; Cannestra et al., 1996).

Until recently, the application of optical methods to
the study of brain function was limited to measuring
the activity of the exposed cortex or of very thin in vitro
preparations (and therefore to invasive conditions, see
Cannestra et al., 1996; Grinvald et al., 1986; Haglund et
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al., 1992; Frostig et al., 1990). This limitation was due
to two factors: (a) visible light is strongly absorbed by
hemoglobin, thus reducing the penetration of the tech-
nique; and (b) head and brain tissues are highly
scattering, which results in fuzzy images of deep struc-
tures. The penetration problem due to hemoglobin
absorption can be partially circumvented by the use of
near-infrared (NIR) light, which is only moderately
absorbed by hemogloblin and can therefore travel
through several centimeters of tissue. Several investiga-
tors have demonstrated that noninvasive NIR mea-
sures are sensitive to functional changes occurring in
the brain (e.g., Chance et al., 1993b; Hoshi and Tamura,
1993; Villringer et al., 1993). These measures were
taken by illuminating one or more points on the surface
of the head with a continuous NIR light source and
observing the amount of light reaching detectors lo-
cated some centimeters distant. Measures obtained in
this fashion have low spatial specificity because the
photons traveling between the source and the detector
through scattering media (such as the head) may follow
very different paths. Therefore phenomena occurring in
different locations may all influence the optical mea-
sures. Recently, however, it has been shown that it is
possible to provide high-resolution images of objects
immersed in scattering media using time-resolved pho-
ton migration methods (Chance, 1988; Chance et al.,
1993a; Delpy et al., 1988; Fishkin and Gratton, 1993).
The fundamental logic of these methods is that al-
though photons diffuse (or ‘‘migrate’’) in a random
fashion through scattering media, the time taken by
photons to travel through the medium (‘‘photon delay’’)
is dependent on the length of the path followed by the
photons in their migration. In general, photons that
have traveled quickly through the medium are likely to
have followed relatively homogenous paths (i.e., to
have traveled through circumscribed areas of the me-
dium). Therefore measures taken using these photons
will be specific to more restricted sections of the me-
dium. Phantom measures have demonstrated that ap-
propriate scanning techniques based on time-resolved
optical measures may be capable of detecting and
localizing scattering or absorbing objects as small as
0.5 mm in diameter at a depth of several centimeters
from the surface of a scattering medium (Chance et al.,
1993a). The resolution achievable from in vivo applica-
tions is not likely to be as good because of increased
noise levels. Nevertheless, these data suggest that
time-resolved noninvasive optical methods can, in prin-
ciple, be capable of yielding fairly localized measures of
brain activity.

Changes in light scattering such as those due to
neuronal activity can be expected to produce small but
measurable variations in the time photons take to
travel through the brain (i.e., in photon delay). Previ-
ous studies (Gratton et al., 1995a,b) employing time-

resolved photon migration methods suggest that it may
in fact be possible to detect fast and localized changes in
photon delay in the brain using noninvasive measures.
In particular, the data reported by Gratton et al.
(1995a) showed that the fast optical response (termed
event-related optical signal, or EROS) following a vi-
sual stimulus has a latency of approximately 100 ms.
The EROS response is characterized by an increase in
the time taken by near-infrared photons to travel
across occipital head regions. The location of this
response within the occipital region changes as a
function of the area of the visual field that is stimulated
in a fashion that is consistent with the known retino-
topic maps of the visual field in primary visual cortex
(V1, or striate cortex).

These data show that the EROS has properties that
make it ideally suited to study the time course of
activity in specified brain areas. In fact, its latency
appears to be roughly consistent with that of the
electrophysiological response recorded from the same
region, and its localization is generally similar to that
identified with brain imaging methods. However, a
direct comparison with the time course of the electrical
signal is required. Further, it needs to be shown that
EROS is specific to the cortical areas that are involved
in information processing. Although the data reported
in previous studies do indeed show some form of spatial
specificity, it is important to demonstrate that the
spatial properties of the EROS correspond to those of
other well-known physiological signals. Electrophysi-
ological methods and hemodynamic imaging methods
are considered the ‘‘gold standards’’ for temporal and
spatial analyses of human brain activity, respectively
(Toga and Mazziotta, 1996). The approach used in the
present study is to compare EROS, functional magnetic
resonance imaging (fMRI), and visual evoked potential
(VEP) data obtained from the same subjects under
similar stimulation conditions. The stimuli were de-
signed to activate the upper and lower banks of the
primary visual cortex (V1, or Brodmann’s area 17) in
each hemisphere. Area V1 has a contralateral inverted
organization in humans. If EROS is a direct conse-
quence of localized neuronal activity elicited by the
presentation of the stimuli, then (a) it should be
roughly localized to the same areas in which hemody-
namic changes are revealed by fMRI and (b) it should
have a latency similar to that of the VEP.

METHODS

Subjects. Subjects were three young adults (one
female, age range 20–26), with normal or corrected-to-
normal visual acuity of 20/20 or better. Subjects gave
written informed consent. Two of the subjects (PC and
MG, a male and a female) were run in 12 sessions in
which optical measures were recorded from different
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locations, 1 session in which VEPs were recorded, and 1
session in which an fMRI was recorded. The third
subject (JG) was run only in the optical and VEP
sessions.

Stimuli. For all types of measurements, the four
quadrants of the visual field were stimulated on differ-
ent trials. For the optical and VEP sessions, stimuli
were reversals of one of four vertical black-and-white
grids (size: <4° horizontally and <6.5° vertically, eccen-
tricity <7°, spatial frequency <4 bars per degree)
occurring every 500 ms during stimulation periods
lasting 19 s. Stimulation periods were separated by rest
periods with a duration of approximately 20 s. In each
session, there were a total of 48 stimulation periods (12
for each quadrant of the visual field), yielding a total of
456 reversals (trials) for each stimulation condition.
For the fMRI session, stimuli were flashes (frequency
<4 Hz) of vertical black-and-white grids that were
located in the same locations and of sizes similar to
those described above. The fMRI session consisted of
eight 30-s stimulation periods alternated with rest
periods.

Optical recordings. The optical measurements in-
volved placing a device consisting of a near-infrared
light source (light emitting diode, or LED, wavelength
715 nm, power 200 µW) and a detector (a 0.64-cm-
diameter optic fiber connected to a photomultiplier
tube) over the scalp on 12 locations (1 per session) in
the occipital area. A source–detector distance of 3 cm
was selected to obtain a depth of measurement ranging
between 1.5 and 3 cm (see Gratton et al., 1995b).
Measurements of photon delay were based on fre-
quency domain methods (Gratton and Limkeman, 1983).
Photon delay was measured with a frequency domain
spectrometer (Gratton et al., 1984) using a light source
modulated at a frequency of 112 MHz and a cross-
correlation frequency of 1 kHz. The average photon
delay was computed over intervals of 50 ms. The
recording of the optical parameters is completely nonin-
vasive since the electromagnetic radiation used is
non-ionizing and of very low intensity (less than 1 mW).
In addition, the skin is not lesioned nor abraded. In
order to improve the contact between the source and
detector and the skin, hairs were combed away from the
recording locations before the measurements were
taken.

The pulse artifact was compensated for according to
a procedure described by Gratton and Corballis (1995).
The individual trial data were segmented and averaged
separately for each subject, condition, and location (i.e.,
session). Previous analyses reported by Gratton et al.
(1995a) indicate that the photon-delay signal revealed
an EROS peak response at a latency of 100 ms from
stimulation. Statistical analysis of the spatial distribu-
tion of this peak showed significant effects of stimula-
tion conditions that mirrored the expected contralat-

eral and inverted representation of the visual field in
primary visual cortex (area V1). Gratton et al. also
reported longer latency effects with a time course of
several seconds, likely corresponding to hemodynamic
phenomena. Other authors have reported slow changes
in photon migration parameters from occipital areas
due to changes in the concentration of oxy- and deoxyhe-
moglobin as a result of visual stimulation (Hoshi and
Tamura, 1993; Kato et al., 1993; Meek et al., 1995).
These slow effects will not be discussed further in this
paper.

fMRI recordings. fMRI data were acquired on a
1.5-T magnetic resonance scanner (General Electric),
retrofitted for echoplanar imaging (Advanced NMR
Intrascan) and located in the Department of Radiology
at Memorial Sloan-Kettering Cancer Center (see Hirsch
et al., 1995). T2*-weighted images were acquired using
a gradient echo sequence (echo time 5 60 ms; repeti-
tion time 5 3 s; flip angle 5 30°) and a 12.5-cm-diameter
surface coil centered on the occipital pole. The in-plane
resolution was 1.56 3 1.56 mm (128 3 256 matrix;
20 3 40 cm field of view). The slice thickness was 3 mm.
Sixteen coronal slices were acquired, parallel to the
occipital bone above the inion (these planes were
selected on the basis of a midsagittal T1 image). Ten
images were collected during a 30-s rest period before
stimulation, 10 images were collected during the stimu-
lation period (30 s), and 10 images were collected
during a 30-s recovery period. Prior to statistical analy-
sis, all brain images for each subject were aligned, and
a two-dimensional in-plane Gaussian filter was applied
to each image. Each voxel therefore represents a cen-
troid of activation. The statistical analysis involved: (1)
comparison of mean baseline and stimulation signals,
(2) comparison of mean stimulation and recovery base-
line signals, and (3) coincidence analysis by comparison
of activation on two independent runs. The empirical
probability of passing all three stages of the analysis by
chance was determined from images acquired from a
‘‘phantom’’ (using the General Electric standard). Us-
ing this procedure, the rate of false positives was
determined to be #0.0001 for the pixels indicated in red
in Fig. 1 and smaller for the pixels indicated in orange
and yellow (with yellow corresponding to the minimum
probability of a false positive).

VEP recordings. VEPs were recorded using a sam-
pling rate of 200 Hz (bandpass 5 1–100 Hz) from an
array of 22 electrodes for a period of 400 ms beginning
with stimulus onset (i.e., with each grid reversal). The
initial value of the recording epoch was used as base-
line. The impedance was kept below 10 kOhm. The
electrode montage was derived from that used by
Spekreijse and collaborators in their work on modeling
the sources of visual evoked potentials (e.g., Maier et
al., 1987). The montage consisted of four horizontal
rows covering the back of the head. The highest and
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lowest rows comprised four electrodes, whereas the two
middle rows comprised seven electrodes. The interelec-
trode distance was 4 cm for both the vertical and the
horizontal axes. The bottom row was located 2 cm below
the inion, and the array was symmetric with respect to
the midline. A frontal electrode was used as reference.
There were 456 trials per condition. The electrophysi-
ological recordings included bipolar vertical and horizon-
tal EOG derivations (from above and below the right
eye, respectively, and from locations 2 cm external to
the outer canthi of each eye) that were used for off-line
correction of the ocular artifact (Gratton et al., 1983).
The average VEP was computed separately for each
subject, electrode location, and stimulation condition.

Coregistration. The estimates of the foci of optical,
fMRI, and VEP activities were aligned using scalp and
skull landmarks (e.g., inion, ear canals, nasion). For
the optical and VEP data, the alignment was based on
the localization of the inion, which was used as a
reference location for both techniques. The T2*-
weighted fMRI data were aligned with those obtained
with the other techniques on the basis of the localiza-
tion of ear canals, inion, and nasion on the T1-MRI
images.

RESULTS

Time course of optical activity. The purpose of this
analysis was to examine the time course of the optical
activity, and, in particular, to determine the latency of
the first detectable EROS peak in response to indi-
vidual grid reversals. Because of the well-known inter-
subject variability in the anatomy of the occipital
cortex, it is critical to determine which of the 12 optical
recording locations should be used to characterize the
time course of the optical activity. One way to approach
this problem is to identify the recording locations
corresponding to the surface projections of the maxi-
mum fMRI activity for each subject and condition and
then average the time course of optical activity re-
corded in these locations. The fMRI data were obtained
for two subjects in each of the four conditions. The fMRI
maps shown in Fig. 1 reveal multiple areas of signifi-
cant activity. Note that only the slice with maximum
BOLD-fMRI activity is shown in the figure, although
for each condition and subject 12 fMRI slices were
obtained.

Significant fMRI activity occurred in both medial
(i.e., proximal to the calcarine fissure) and lateral
occipital areas. The medial areas are likely to reflect
activity within area 17 (primary visual cortex), while
the more lateral areas are likely to represent activity
within extrastriate visual areas. An interesting aspect
of these data (visible from an inspection of Fig. 1) is
that, whereas the location of the medial fMRI activity
varied systematically as a function of the experimental

conditions (i.e., it was located in the contralateral
hemisphere and in higher areas for stimulation of
lower quadrants than for stimulation of upper quad-
rants), the location of the lateral fMRI activity did not
appear to vary as a function of the stimulated quad-
rant.

An example of the time course of EROS is shown in
Fig. 2. This figure shows maps of EROS obtained at
different latencies for the upper left stimulation condi-
tion of subject PC. For comparison purposes, these
maps are presented using the same left–right radiologi-
cal convention used for fMRI. The area depicted in Fig.
2 corresponds to the large rectangles superimposed on
the fMRI images presented in Fig. 1 (upper left condi-
tion of subject PC). When compared to the correspond-
ing fMRI map, this figure indicates that the medial
(right hemisphere) and lateral (left hemisphere) areas
showing activity in the fMRI maps also show EROS
activity. In addition, EROS shows that the activities in
the medial and lateral areas differ in their respective
time courses. The medial area shows a maximum
increase in the phase delay parameter at a latency of
100 ms after stimulation, whereas the lateral area
shows a maximum at a latency of approximately 200
ms. For both areas, activity declines at longer latencies.

In order to determine the generality of this phenom-
enon, for each subject and condition, two optical record-
ing locations were selected: the first corresponded to
the location of the medial fMRI activity (i.e., presum-
ably activity from area 17) and the second corresponded
to the location of the lateral fMRI activity (presumably
activity in lateral occipital areas). The time courses of
the optical activity recorded in medial and lateral areas
were then averaged separately across subjects and
conditions. The EROS time course waveforms corre-
sponding to the medial and lateral areas of fMRI
activity are shown in Fig. 3. Note that in this figure the
EROS peak latency for lateral areas of fMRI activity
was 300 ms, somewhat longer that indicated in Fig. 2
(in which data from only one subject and condition were
presented). The average activity from all other optical
recording locations, corresponding to areas in which no
significant fMRI activity was observed, is also shown in
this figure.

These waveforms indicate that the EROS from the
recording locations corresponding to the areas identi-
fied by fMRI as area 17 (or V1) peaks at a latency of
approximately 100 ms (as a reminder, the optical data
were sampled every 50 ms). The value of phase delay
observed at this latency was significantly greater than
that observed during the prestimulus baseline period,
t(7) 5 4.85, P , 0.005 (two-tailed).1 Note that this
result is still significant at an a , 0.05 level if the

1 There were a total of eight comparisons between fMRI and optical
data sets in the study (four conditions for each of two subjects).
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FIG. 1. The fMRI responses (yellow, red, orange) and optical responses (small rectangles) are superimposed on these images. The locations
of the brain sections shown in the figure are indicated in yellow on the midsagittal T1 images presented to the left. For each subject and
condition, the slice containing the maximal increase in the fMRI signal during the 30-s stimulation period (with respect to the rest period) was
selected and is indicated by slice number at the bottom of each image. In this study the focus is on medial regions of the brain, presumably
Brodmann’s area 17 (primary visual cortex), as opposed to lateral regions, which are presumably areas further along the visual pathway. In
each map, the cortical area explored with EROS measures is represented by the large rectangle, whereas the small rectangle represents the
EROS recording location with maximal response (i.e., maximal increase in photon delay at a latency of 100 ms after each grid reversal). EROS
and fMRI images were aligned using skull landmarks (e.g., inion, ear canals). Images are displayed according to the standard radiological
convention (i.e., the left hemisphere is presented to the right).

FIG. 2. Example of the time course of the EROS from one subject (PC) and one stimulation condition (upper left). Each map represents the
activity at a particular data point from 100 ms before stimulation (i.e., grid reversal) to 450 ms after stimulation. The time at which the maps
were taken is indicated to the left of each map. The color scale used for map construction is shown to the right. The coordinates of the area
mapped are shown on the last map, with reference to the position of the inion (typically the primary visual area—area 17 or V1—is located
approximately 2 cm above the inion, within 2 cm from the midline). The 12 recording locations correspond to the intersection of the vertical and
horizontal lines reported in each map. The inverted left–right radiological convention is used in this figure to facilitate comparison with the
fMRI maps shown in Fig. 1.
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Bonferroni inequality is applied for multiple compari-
sons at all possible poststimulus latencies (a , 0.00625).
Note also that the optical activity was already signifi-
cant at a latency of 50 ms and remained significant
until a latency of 350 ms (for all latencies, t(7) $ 2.49,
P , 0.05).

The time course of EROS in the lateral locations
identified with fMRI was quite different, peaking be-
tween 200 and 350 ms after stimulation. This activity
was also of lesser amplitude. Separate comparisons for
each latency bin with the baseline value revealed a
significant difference at all latencies between 200 and
350 ms (t(7) $ 3.08, P , 0.05). No significant EROS
activity was observed from locations corresponding to
areas in which no fMRI activity was observed.

Overall, these data indicate that (a) an EROS peak
with a latency of 100 ms can be observed in primary
visual cortex (area 17, or V1), (b) the EROS response is
generally limited to areas showing fMRI activity, and
(c) EROS can be used to distinguish the time course of
activity in areas where a significant fMRI response is
observed (since the medial and lateral fMRI areas show
peaks of optical activity occurring at different times).

Spatial congruence of EROS, fMRI, and VEP data.
The spatial congruence among techniques was evalu-
ated only for the subjects for whom fMRI data were
available (subjects PC and MG). In all cases, the spatial
congruence was evaluated with respect to activity that
was deemed to occur in area 17 (primary visual cortex,
V1). In other words, the focus was on the medial fMRI
response and on the early optical response (i.e., la-
tency 5 100 ms). In order to provide independent, focal
location estimates of the fMRI and EROS responses,
the location of the EROS response was identified as the
center of the pixel with the largest response (i.e.,

increase in photon delay) at a latency of 100 ms. For the
fMRI, the location of the activity was identified with the
geometric center of the volume in which a significant
response was obtained.

The estimated coordinates of the location of the
response obtained with each technique for each experi-
mental condition and subject are shown in Table 1
(expressed as distances from the inion). The average
distance along the vertical and the horizontal axes
between the estimated foci for each technique is re-
ported in Table 2 (the distance along the depth axis is
not included because the EROS data provide only range
values for this axis). The average distances calculated
over the vertical plane formed by the horizontal and
vertical axes are also reported in this table.

A graphic representation of the relative localization
of EROS and fMRI signals is presented in Fig. 1. This

FIG. 3. Time course of the EROS averaged across subjects and
stimulation conditions for optical recording locations corresponding
to medial (area 17 or V1) regions of fMRI activity (black circles),
lateral (extrastriate) regions of fMRI activity (open circles), and
regions in which no significant fMRI activity was observed (open
squares). Time is expressed in ms with 0 indicating the time of
stimulation (grid reversals). EROS activity is expressed in degrees of
phase with respect to a prestimulus baseline (average of 100 ms
before stimulation).

TABLE 1

Coordinates of the Estimated Foci of Activity in Area 17
(V1) Obtained with the Different Procedures Used in the
Study (in cm, Referred to the Inion)

Condition Measure

Subject PC Subject MG

Hor. Vert. Depth Hor. Vert. Depth

Upper left VEP 1.4 1.1 4.5 2.5 2.3 4.4
EROS 0.0 2.0 ,3.0 1.5 2.5 ,3.0
fMRI 0.7 1.6 2.3 1.1 1.5 2.5

Upper right VEP 0.0 3.9 3.3 20.7 2.3 3.5
EROS 0.0 1.5 ,3.0 0.0 1.5 ,3.0
fMRI 20.7 2.1 2.9 0.0 1.5 1.9

Lower left VEP 1.7 1.0 4.1 0.2 0.4 2.5
EROS 1.5 2.0 ,3.0 1.5 2.5 ,3.0
fMRI 1.8 2.1 2.0 1.5 2.5 2.2

Lower right VEP 20.7 3.9 5.0 21.2 3.9 3.9
EROS 0.0 2.5 ,3.0 0.0 2.5 ,3.0
fMRI 20.9 2.1 2.0 20.2 2.3 2.2

Note. Hor., horizontal axis (left, negative; right, positive); Vert.,
vertical axis (above inion, positive; below inion, negative); Depth,
distance from surface of the head. For EROS data, only the maximum
acceptable depth is given.

TABLE 2

Average Distance between Estimates of Focus of Activity in
Area 17 Obtained with the Different Procedures Used in the
Study (in cm)

Pair of
measures

Subject PC Subject MG

Hor. Vert. Overall Hor. Vert. Overall

VEP–EROS 0.6 1.4 1.6 1.0 1.1 1.6
VEP–fMRI 0.4 1.4 1.6 1.0 1.0 1.4
EROS–fMRI 0.6 0.3 0.7 0.3 0.2 0.4

Note. Hor., horizontal axis; Vert., vertical axis; Overall, distance
over the vertical plane identified by the vertical and horizontal axes
and roughly parallel to the surface of the head at the inion.
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figure shows the fMRI tomographic slices where the
maximum activation response was observed (note that
the depth of the slices changed with stimulation condi-
tion and subject). The large rectangles superimposed
on the images indicate the area explored with optical
measures, and the small rectangles indicate the record-
ing location at which the EROS response was maximal
for each condition and subject. The average distance
between the foci of EROS and fMRI activity was 0.5 cm
(0.3 cm along the vertical axis and 0.4 cm along the
horizontal axis). These distances were smaller than the
spatial sampling error for the optical recordings (0.5 cm
along the vertical axis and 1.5 cm along the horizontal
axis).

We performed two additional tests to evaluate the
statistical significance of the spatial relationship be-
tween EROS and fMRI foci. The rationale for the first
test was that, although the data presented thus far
suggest that the foci of the EROS activity are relatively
close to the foci of the fMRI activity, it is important to
show that they are closer than points taken at random
within the area explored by the optical recordings. In
other words, it is important to demonstrate that they
provide specific information about the locus of the brain
response as a function of stimulation within the cortical
area explored. Therefore, we compared the distance
between the foci of fMRI and EROS responses with the
average distance between the focus of the fMRI re-
sponse and the individual locations used for the optical
recordings. This average distance is the expected value
of the distance between EROS and fMRI maxima of
activity for the case in which the optical maxima reflect
only random fluctuations of the phase delay value.
Across subjects and conditions, the average distance
between the focus of fMRI activity and all the locations
used for the optical recordings ranged between 1.2 and
1.9 cm (mean 5 1.5 cm). As can be seen from Tables 1
and 2, the distance between the optical and fMRI foci
ranged between 0.0 and 1.0 cm. This indicates that the
localization of the optical response was significantly
better than chance. This was confirmed by a paired t
test comparing the obtained distance between the
EROS maximum and the fMRI maximum with the
expected value for this distance according to the null
hypothesis of random localization of optical activity
(t(7) 5 25.10, P , 0.001, one-tailed).2

The second test was based on computing correlations
between the locations of the foci of optical and fMRI
responses along the horizontal and the vertical axes (in
each case the correlation was based on eight values).
The purpose of this test was to provide a statistical

index of the validity of the optical measurements. The
Pearson product-moment correlation was equal to 0.87
along the horizontal axis and to 0.38 along the vertical
axis. Note that the average distance between measure-
ments for the vertical and the horizontal dimensions is
relatively similar (and actually somewhat smaller for
the vertical dimension). The large difference in the
correlation coefficients in the two dimensions should be
attributed to the fact that the experimental manipula-
tions induced a larger variance along the horizontal
dimension than along the vertical dimension. Accord-
ing to the design of the experiment, variance along the
horizontal dimension (i.e., across hemispheres) is in-
duced by stimulation of quadrants contained in oppo-
site hemifields, whereas variance along the vertical
dimension is induced by stimulation of the upper and
lower quadrants. Stimulation of the contralateral hemi-
fields resulted in an average separation of the foci of
activation in the left and right hemispheres of 1.7 cm
using fMRI estimates and 1.1 cm using optical esti-
mates; stimulation of upper portions of the visual field
resulted in foci of activity that were located 0.5 cm
below those obtained for stimulation of the lower
portions of the visual field (this separation was the
same for estimates using fMRI and EROS). Alterna-
tively, the difference in the correlation might be due to
differences in the physiological phenomena underlying
the fMRI and EROS signals.

The analyses presented so far were all related to
surface projections of the cortical activity measured
with fMRI and optical recordings. Surface projections
were used because the optical recordings do not provide
information about the depth of the effects recorded.
However, a range for the expected depth of the cortical
area explored using optical methods can be estimated
on the basis of Monte Carlo simulations (see Gratton et
al., 1995b). For the conditions of the present experi-
ment, the expected depth range is less than 3.0 cm (i.e.,
less than the source–detector distance). Note that the
depth of the fMRI sources from the surface of the head
ranged between 1.5 and 2.9 cm. Therefore, the fMRI
focus was always within the range explored by EROS.
However, since the optical signal presumably weakens
with depth, the depth of the cortical activity may
influence the accuracy of the optical localization. In-
deed, the distance between the EROS and fMRI foci
was positively correlated with the depth of the fMRI
focus (r 5 0.55, P , 0.10, one-tailed), although the cor-
relation was not significant given the small sample
size. The distance between EROS and fMRI foci was 0.3
cm for depth of fMRI foci less than or equal to the
median (2.2 cm) split and 0.6 cm for depth of fMRI foci
greater than or equal to the median.

Overall, the data presented in this section indicate
convergence between the localization of foci of activity
obtained with optical and fMRI methods within the

2 A one-tailed test was used because the only meaningful hypoth-
esis to be tested was whether the distance between the EROS and the
fMRI activity was significantly smaller than that obtained by ran-
domly sampling one of the optical locations.
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sampling error of optical data. This convergence is
particularly good for superficial sources. Thus, the data
provide a validation of the localization of activity
obtained with noninvasive optical methods.

Whereas optical and fMRI data refer to localized
activity, the surface VEP data refer to volume-con-
ducted activity at the surface of the scalp (grand-
average VEP responses from two electrodes are shown
in Fig. 4). Therefore, the VEP data were analyzed using
a spatiotemporal dipole modeling approach (BESA pro-
gram, see Scherg et al., 1989). In this approach, the
variance over scalp locations across the entire record-
ing epoch is accounted for by a limited set of dipoles,
with fixed location and orientation but with variable
amplitude and polarity. In agreement with the fMRI
results, we assumed that the surface VEP activity
would result from the summation of activity from
striate and extrastriate cortex. Therefore, a two-dipole
model (with no constraints) was fitted separately to the
surface VEP data recorded for each experimental condi-
tion and subject. The two-dipole model accounted, on
average, for 69.0% of the variance (range 78.2–54.2%).
Of the two dipoles, the one whose location was closer to
the expected location of area 17 was selected as an
estimate of the activity in this cortical area. The BESA
algorithm estimates not only the location but also the
time course of each dipole source. This approach repre-
sents a mathematical model of the observed activity
and is therefore quite distinct from the empirical

observation of local effects obtained with the EROS and
fMRI methods. Nevertheless, source analysis repre-
sents the most appropriate procedure currently avail-
able for comparing VEP data with the other localized
data sets.

The dipole analysis used in the present experiment
yields a model of the localization and time course of the
activity underlying the surface VEP. However, the
localization of the source of VEP activity in our study
was not entirely consistent with those of EROS and
fMRI activity. The source-analysis algorithm separated
activation of the left and right hemispheres (by approxi-
mately 2.1 cm) in the predicted manner: a contralateral
dipole was observed for each condition and subject.
However, the predicted top–bottom difference was not
observed: the dipoles associated with stimulation of the
upper quadrants were located, on average, slightly
above (by 0.1 cm) those for stimulation of the lower
quadrants. Further, the average distance between the
surface projections of the foci of VEP and EROS activity
was 1.6 cm; the average distance between the foci of
VEP and fMRI activity was 1.5 cm. The distance
between the surface projections of the VEP and fMRI
foci was consistently larger than the distance between
the EROS and the fMRI sources (by approximately 1.0
cm), t(7) 5 5.10, P , 0.01 (two-tailed). Interestingly, the
discrepancy between the surface projections of VEP
and fMRI foci was positively correlated with the depth
of the fMRI source (r 5 0.81, P , 0.05, one-tailed), as it

FIG. 4. Grand average VEPs (n 5 3) for each of the four stimulation conditions from two electrode locations on the left (thin lines) and
right (thick lines) of the midline. These electrode locations were selected because they showed the largest responses. The electrode montage
used in the study is shown in the head diagram (back view) shown at the bottom right corner of the figure. The arrows indicate the electrode
locations of the grand average waveforms displayed in the figure, as well as the position of the inion. Time is expressed in ms with 0 indicating
the time of stimulation (grid reversals). The electrical activity is expressed in microvolts (positive values are plotted up) with respect to a
50-ms prestimulus baseline.
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had also occurred for the discrepancy between EROS
and fMRI foci. The discrepancy averaged 1.1 cm for
superficial fMRI activity (less than 2 cm deep) and 1.7
cm for deeper activity. This finding suggests that dipole
localization methods of the type used in the present
study may be more accurate at localizing superficial
activity than deep activity. In general, however, the
localization was much less precise than that obtained
using EROS.

Dipole localization methods also provide estimates of
the depth of the VEP sources. However, in the present
study large discrepancies between VEP dipole sources
and fMRI activity were observed for the depth dimen-
sion. In particular, the dipole analysis procedure esti-
mated sources of VEP activity that were systematically
deeper than the foci of fMRI activity (on average, 3.9 cm
vs 2.2 cm), t(7) 5 5.14, P , 0.01.

Temporal congruence between EROS and VEP data.
Analysis of the temporal congruence between measures
could be conducted only for EROS and VEP data, since
the fMRI responses (which took several seconds to
reach their peaks) were too slow to assess the latency of
responses to individual grid reversals. Since EROS and
VEP data were obtained for all three subjects, they
were all included in the analysis. A problem with
comparing these two time courses is that EROS mea-
sures reflect changes in optical properties in localized
areas of the head, whereas the VEP measures reflect
electrical activity that is volume conducted to the
surface in a manner that depends not only on the
conductive properties of the medium, but also on the
location and orientation of the underlying dipoles.
Therefore, it is not obvious which particular electrode
location should be compared with a particular optical
recording location. A further problem is that there is no
a priori knowledge about the relationship between the
polarity of the electrical activity and that of the optical
signal.

To address these problems, we used two different
approaches. One approaches was based on the idea that
neural activity elicited in the occipital area by visual
stimuli should produce electric fields with strong local
gradients and therefore should increase the variance
among the recording electrodes placed above the poste-
rior part of the head. It should also produce increased
optical activity in the same area. According to this
hypothesis, periods of increased EROS activity should
roughly correspond with periods of increased interelec-
trode variability. The time course of the interelectrode
variability (i.e., the standard deviation across electrode
locations), averaged across subjects and conditions, is
shown in Fig. 5.3 These data show that increases in

interelectrode variability are observed at a latency of
approximately 100 ms and, later on, at a latency of
approximately 250 ms after stimulation. Note that
these two latency periods correspond to the epochs in
which increases in optical activity are observed within
and outside of area 17 respectively, (cf. Fig. 3).4 In order
to determine whether this correspondence is more than
coincidental, we estimated the latency of the maximum
variability within the first 130 ms after stimulation for
each subject and condition. We then compared this
estimate with the latency of the EROS peak (defined as
the largest increase in phase delay within the first 150
ms after stimulus across all optical recording loca-
tions).5 These values are reported in Table 3.

The values reported in this table indicate the exis-
tence of correspondence between the latency of the
peak of optical activity and that of the interelectrode
variability. The product-moment correlation coefficient
between these two sets of values is significant (r 5 0.74,
P , 0.01).6 The average absolute difference in the la-

3 If a prestimulus baseline value was subtracted from the average
waveforms obtained at each electrode, the interelectrode standard
deviation during the prestimulus baseline period would likely be

smaller than that after stimulation. Therefore, the baseline value
was not subtracted from the evoked potential data used to compute
the standard deviation values displayed in Fig. 5 in order to obtain
stationary conditions that would not bias the standard deviation
estimates, making them larger in one part of the recording epoch
with respect to another.

4 An alternative explanation for the difference in the latencies of
the EROS responses in medial and lateral occipital areas might be
that there are differences in the latency of scattering (or absorption)
phenomena rather than differences in the latency of neuronal activ-
ity.

5 The window was somewhat shorter for the VEP than for the
EROS data because (a) they were collected using a higher sampling
rate (200 Hz vs 20 Hz) and (b) it was important to make sure that the
VEP variability peak corresponded to the first peak of activity
observed.

6 Note that the observations obtained for each subject and condi-
tion that have been used for the computation of this correlation are
not independent, which may increase the probability of a error. To

FIG. 5. Time course of the interelectrode variability (standard
deviation across electrodes) of the visual evoked potential, averaged
across subjects and stimulation conditions. Time is expressed in ms
with 0 indicating the time of stimulation (grid reversal). The interelec-
trode standard deviation is expressed in microvolts. Note that no
baseline value was subtracted from the data in order to avoid biasing
the shape of the interelectrode variability waveform.
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tency estimates for the optical and electrical activities
was 20 ms, well below the sampling rate for optical data
(50 ms), t(11) 5 28.14, P , 0.0001. In no case did the
difference between the two estimates exceed 50 ms
(which is the sampling rate for EROS). The average
absolute difference was also smaller than the expected
difference between the latency of the electrical activity
peak and that of a random value for the EROS peak
latency within the latency window considered for the
analysis (50–150 ms), t(11) 5 24.77, P , 0.001. It
should also be noted, however, that although these data
support the claim that the time courses of EROS and
VEP activity share some common variance, they should
not be taken as evidence that the two measures are
caused by the same phenomena or by activation of the
same area of the cortex. The increase in interelectrode
variability may be due to activity outside of area 17 (or
partly inside and partly outside), which may be tempo-
rally correlated with the activity observed in area 17 by
using EROS.

The other approach to the comparison between the
latency of the optical and electrical activities tests the
hypothesis that the time course of EROS activity in
area 17 should correspond, at least to some extent, with
the time course of VEP activity from the same area.
Since VEPs are surface measures, the time course of
the VEP in area 17 needs to be estimated using a
spatiotemporal dipole model (BESA algorithm de-
scribed earlier in the paper). The time courses of the
two responses (averaged across conditions) are overplot-

ted in Fig. 6. To make the electrical data comparable
with EROS (which were sampled using 50-ms bins), the
estimated VEP activity from area 17 was averaged over
periods of 50 ms. This figure indicates that the time
course of the EROS response compared well with the
modeled electrical activity. Note that, for each subject,
the latencies of the positive and negative peaks of the
EROS and VEP responses overlapped. This provides
additional support for a temporal congruence of electri-
cal and optical measures (at least within a 50-ms
approximation).

DISCUSSION

The spatial correspondence between EROS and fMRI
data and the temporal correspondence between EROS
and VEP data validate the use of optical signals to
study the time course of activity in localized cortical
areas involved in processing visual stimuli. The spatial
comparison shows the utility of coregistering EROS
and fMRI data. Whereas fMRI data indicate that
multiple cortical areas within the occipital region are
activated by visual stimulation, the EROS data show
that the time courses of activity in areas inside and
outside area 17 (V1) are somewhat different. The EROS
response in medial fMRI activation regions occurs
before the EROS response in lateral fMRI activation
areas. Further, the data indicate a substantial amount
of spatial correspondence between the estimates of the
localization of activity obtained with the two measures
(the distance between the medial EROS and the fMRI
foci is below 0.5 cm). There are two possible explana-
tions for this distance. The first possibility is that it
reflects the localization error of EROS. In this case, it is
noteworthy to observe that the average distance be-
tween EROS and fMRI localization estimates is compa-
rable to (and in fact smaller than) the sampling error of
the optical data. Therefore, it is possible that a denser
sampling of the occipital region with the optical mea-
sures could result in a smaller distance. The second
possibility is that this distance is due to coregistration
errors and/or to inherent differences in the localization
of the physiological phenomena studied by the two
measures. In this case, a finer spatial sampling of the
occipital region with the optical measures would be of
limited value. In any case, dense recording arrays are
needed to determine the actual spatial resolution of
noninvasive optical imaging. Tridimensional reconstruc-
tion algorithms can also be useful to increase spatial
resolution and may provide estimates of the depth of
the effect. However, application of dense recording
arrays and tridimensional reconstruction algorithms
can be practical only if parallel machines are built. At
present, a 16-channel optical system capable of record-
ing at sampling rates of at least 100 Hz is being tested.

The data also show a correlation between the timing

address this issue we have computed the correlations across subjects
separately for each experimental condition and for the average across
experimental conditions. All of these correlations are based on only
three subjects. The correlations over subjects for each experimental
condition ranged between 0.92 and 0.99 (the correlation could not be
computed for the upper left quadrant stimulation condition since, for
this condition, the latency of the optical response was 100 ms for all
subjects—this was also the condition with smaller between-subject
variability for the VEP response latency). The correlation based on
the average estimates of the VEP and optical response latencies
across conditions was 0.999 (P , 0.05).

TABLE 3

Estimates of the Latency (in ms after Stimulation) of
EROS and VEP Activity for Each Subject and Stimulation
Condition

Latency measure Subject
Upper

left
Upper
right

Lower
left

Lower
right Average

VEP: Peak of inter-
electrode vari-
ability (ms)

PC
MG
JG
Average

105
115
95

105

115
70
40
75

120
105
65
97

130
125
85

113

117
104
71
97

EROS: Peak of
phase delay
increase (ms)

PC
MG
JG
Average

100
100
100
100

100
50
50
67

150
150
50

117

100
100
50
83

113
100
63
91
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of EROS and the VEP activity. In the present study,
both responses peak at a latency of approximately 100
ms after stimulation. In addition, conditions and sub-
jects for which the EROS peaked earlier were also those
for which the VEP responses were faster. Although
these data support the use of optical measures to study
the time course of brain activity, it should be clear that
they do not imply that EROS and VEP responses are
physical manifestations of the same phenomena. The
VEP recorded using a particular scalp electrode pair is
likely to be a much more complex phenomenon than the
EROS response because it is the result of the summa-
tion of the electric fields generated in different (and
sometimes distant) brain regions. For this reason, it is
difficult to determine the time course of electrical
activity in a selected brain area from surface evoked

potentials. In this paper we approached this problem by
modeling the surface electrical activity using pairs of
dipoles located at some depth inside the head, one of
which was considered to reflect activity in primary
visual cortex—and therefore was considered to be the
electrical counterpart of the localized activity mea-
sured with optical methods. The results of this model-
ing effort were mixed. On the one hand, the time
courses of the electrical and optical activities were
quite similar. On the other hand, the localization of the
dipole source did not closely match that of EROS and
fMRI activity, leaving doubts about whether the optical
and electrical measures reflect activation of the same
neuronal populations. Note, however, that the average
distance between the sources and the foci of EROS and
fMRI activity was comparable to the uncertainty of

FIG. 6. Comparison of the time course of VEP[mod VEP(17)] and EROS from area 17. VEP is the estimated activity in area 17 obtained
using a multiple spatiotemporal dipole model approach. EROS is the activity observed at the recording location with maximal increase in
photon delay. For both measures, the data were averaged across conditions and are presented separately for each subject, with scales adjusted
to make the results comparable (arbitrary units are used). For VEPs, upward deflections indicate that the positive pole of the modeled dipole
source was oriented toward the surface of the head. For EROS, upward deflections indicate increases in photon delay. Arrows indicate peaks
and troughs in the waveforms.
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localization inherent to the dipole modeling approach,
as estimated by other authors (Miltner et al., 1994).

The data reported in this paper help clarify the
nature of EROS. The temporal agreement between
optical and electrical measures suggests that they may
share, at least in a very general sense, a common
physiological mechanism. Since surface electrical mea-
sures are believed to be direct indices of neuronal
activity (Nunez, 1981), it is plausible that noninvasive
optical measures may also reflect neuronal activity
directly. Neuronal activity is associated with movement
of ions across and around the neuronal membrane,
which results in the surface electrical response (Nunez,
1981) and in changes in the osmolar and refractive
properties of intra- and extracellular compartments.
These, in turn, may influence the scattering properties
of the medium (Cohen, 1972; Hill and Keynes, 1949;
Stepnowski et al., 1991). However, more research is
needed to determine the specific physiological phenom-
ena that are visualized using EROS.

Because of its complex nature, the present study was
conducted on a relatively small number of subjects
(N 5 3). However, three more studies have been re-
cently completed in which an EROS response from
medial occipital areas (presumably area 17) with a
latency of approximately 100 ms from visual stimula-
tion was observed (Gratton, 1997; Gratton et al., submit-
ted for publication; Goodman et al., 1996). In each of
these studies, all subjects show an early medial occipi-
tal optical response. These findings indicate that an
early response from area 17 can be reliably detected
with EROS.

The temporal correspondence between EROS and
VEP suggests that EROS is more likely to be an index
of neuronal activity than a measure of the subsequent
vascular response (measured using fMRI). However,
the data also point to a spatial correspondence between
EROS and fMRI. Recently, there has been some discus-
sion about the extent to which the vascular responses
measured by the fMRI-BOLD signal colocalize with the
neuronal response. Recent work by Malonek and Grin-
vald (1996), based on optical measurements taken on
the exposed cortex, indicates that the increased oxygen-
ation of the cortex, which is the basis of the BOLD-
fMRI, occurs after 2 s from stimulation in an area that
is a few millimeters wider than the area where the
initial neuronal response is observed. They also ob-
served a faster deoxygenation response and rapid scat-
tering effects with an even more accurate localization.
In our study, the average distance between EROS and
fMRI localization is also a few millimeters. Thus the
data from the present study are consistent with the
interpretation that the early EROS phenomenon ob-
served is directly related to the neuronal response. An
alternative account for the early EROS response is that
it is related to some other early phenomenon within the

cascade between the neuronal and the vascular phenom-
ena (e.g., the diffusion of some chemical mediator).

The temporal correspondence between optical and
electrical data and the spatial congruence of optical and
hemodynamic measures provide a systematic approach
to integrating various brain imaging methods, opening
the possibility for an enhanced spatiotemporal descrip-
tion of brain activity.7 Both fMRI and electrical data
reveal the existence of multiple responses (at different
locations and at different times, respectively). In relat-
ing these two sets of data, it is important to determine
which of the spatial structures identified using fMRI
corresponds to which temporal aspect of the electro-
physiological signal. The data reported in this paper
suggest that EROS can be particularly useful in address-
ing this question. For this reason, EROS may be ideally
suited for studying the dynamic interactions of differ-
ent brain areas which are likely to underlie most higher
brain functions (Mesulam, 1990; Squire, 1989).
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