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Precise mapping of early visual responses in space and time
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We used magnetoencephalography (MEG) to record brain activity
while subjects passively viewed stimuli presented at eight different
locations in the parafoveal and peripheral visual fields (VF). For each
subject, the experiment was repeated on 3 different days. The
generators of the early MEG signal components were localized using
tomographic source analysis together with statistical parametric
mapping. We identified activations throughout visual cortex in the
first 100 ms of stimulus onset. The earliest stimulus-evoked responses
were registered in V1. Then, activity with largely overlapping latencies
spread rapidly to V2, V3 and throughout the whole visual system.
Unambiguous and focal activations with precise onset, peak latencies,
and peak amplitudes for each subject and day were identified in V1, in
one ventral and three dorsal stream areas. Activations in all areas were
consistent in location and timing across subjects and for each subject
they were highly reproducible across 3 experimental days. Localization
precision was typically within 2 mm in all areas. Retinotopic
organizations of the identified areas were in good agreement with
other neuroimaging and animal studies. The localization accuracy, as
evidenced by computer simulations, was in line with our earlier fMRI/
MEG study. On average, it was around 2 mm. Here we report, with
very high reproducibility, the dynamics of early visual area activations
and their dependence on the stimulated location of the VF. These
results show for the first time in humans, significantly shorter onset
latencies in V1 for peripheral than parafoveal VF stimulations.
© 2006 Elsevier Inc. All rights reserved.

Introduction
Over 25 distinct areas including their anatomical connections and
functional properties are known in macaque monkey visual cortex
(Van Essen, 1985; Maunsell and Newsome, 1987; Felleman and Van
Essen, 1991). These areas have been divided into two anatomically
and functionally interconnected processing streams— “dorsal” and
“ventral”, both of which originate in the primary visual cortex (V1)
(Ungerleider and Mishkin, 1982; Van Essen and Maunsell, 1983;
Desimone et al., 1985; Maunsell and Newsome, 1987). The dorsal
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stream extends dorsally from V1 to parietal cortex, including areas in
dorsal occipital, middle temporal, and inferior and superior parietal
cortices, while the ventral stream extends ventrally into temporal
areas and passes through ventral occipital and inferior temporal
cortices. Stimulus-evoked activity travels very rapidly through both
streams, starting around 35 ms in V1 (Maunsell and Gibson, 1992;
Nowak et al., 1995; Schroeder et al., 1998; Schmolesky et al., 1998;
Lamme and Roelfsema, 2000), and reaches the foremost areas in
both streams within 100 ms of stimulus presentation (Schroeder et
al., 1998; Schmolesky et al., 1998; Lamme and Roelfsema, 2000).
Yet, dorsal stream areas exhibit shorter response latencies than their
ventral counterparts (Schroeder et al., 1998; Schmolesky et al., 1998;
Lamme and Roelfsema, 2000).
Two main pathways connect the retina to V1: magnocellular and
parvocellular (Livingstone and Hubel, 1988). Due to the higher
conduction velocity of the magnocellular pathway (Dreher et al.,
1976; Schiller and Malpeli, 1977, 1978) and faster retinal processing,
information transition from the retina to V1 is faster through
magnocellular than parvocellular pathway (Mitzdorf and Singer,
1979; Maunsell and Gibson, 1992; Nowak et al., 1995). Reported
latency differences between the magno- and parvo-mediated
responses in V1 vary from 6 ms (Mitzdorf and Singer, 1979) to
20 ms (Nowak et al., 1995). The ratio of magno- to parvocellular
inputs to V1 increases with the retinal eccentricity (Malpeli and Baker,
1975; Connolly and Van Essen, 1984; Schein and De Monasterio,
1987). In macaque monkeys the ratio increases from 1:35 at the fovea
to 1:5 at 15° eccentricity (Azzopardi et al., 1999). Similar ratios were
reported in humans (Dacey and Petersen, 1992).
In humans, over a dozen cortical areas with visual functions
have been differentiated (Sereno et al., 1995; Wandell et al., 2005;
Schluppeck et al., 2005; Silver et al., 2005; Tyler et al., 2005). In
homology with monkeys, these areas have been divided into dorsal
and ventral processing streams (Haxby et al., 1991; Ungerleider
and Haxby, 1994). Most of our knowledge about the functional
organization of these areas comes from fMRI studies (Sereno et al.,
1995; Tootell et al., 2003; Wandell et al., 2005). Retinotopic maps
have been identified in human V1/V2/V3 (Engel et al., 1994, 1997;
Sereno et al., 1995; DeYoe et al., 1996), V4v/V8/hV4/VO-1
ventral stream areas (Sereno et al., 1995; McKeefry and Zeki,
1997; Hadjikhani et al., 1998; Wade et al., 2002) and in dorsal
stream areas V3A/V3B/V5/MT+/V7/IPS1/IPS2 (Zeki et al., 1991;
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Tootell et al., 1997, 1998; Smith et al., 1998; Press et al., 2001;
Huk et al., 2002; Schluppeck et al., 2005; Silver et al., 2005).
Possible human homologues of monkey areas V6 and V6A have
been suggested by several PET and fMRI studies (de Jong et al.,
2001; Simon et al., 2002; Dechent and Frahm, 2003; Pitzalis et al.,
2006). “Human V6” has also been studied with magnetoencephalography (MEG) (Hari and Salmelin, 1997; Portin et al., 1998;
Portin and Hari, 1999; Portin et al., 1999; Tzelepi et al., 2001;
Vanni et al., 2001; Moradi et al., 2003), but only one study (Vanni
et al., 2001) suggested the existence of retinotopic organization.
In contrast with monkeys, where single-cell studies provide
precise timing information across the visual system, relatively
little is known about the temporal properties of visual areas in
humans. MEG and electroencephalography (EEG) are the only
non-invasive techniques available that are able to measure human
brain activity with sufficiently high temporal resolution. The
accuracy and precision of the MEG/EEG source localization
depends largely on the methods used to solve the problem. Using
fMRI responses as a gold standard, it has been shown that
magnetic field tomography (MFT) (Ioannides et al., 1990), in
combination with statistical parametric mapping (SPM), can localize
neural sources in V1 with an accuracy of 3–5 mm (Moradi et al.,
2003).
In the current study, we used MEG to record brain responses
while subjects were presented with circular checkerboard pattern
stimuli in peripheral and parafoveal locations in all four visual field
(VF) quadrants (Fig. 1). The experiment for each subject was
repeated on 3 different days. Sources of MEG signal for each
experimental day were localized using the same approach as in
Moradi et al. (2003) (MFT followed by SPM), but now with
significantly better accuracy in MEG/MRI coregistration (see
Materials and methods) (Hironaga and Ioannides, 2002). Repetition of the experiment allowed us to assess not only the precision
of the source localization but also the reproducibility of the entire
experimental procedure and analysis. To corroborate the localization accuracy in V1 and provide an indication of accuracy in the
visual cortical areas beyond it we used computer simulations with

known sources. The methodology used in the present study allows
us to report here, for the first time in humans, the very precise loci
and timing of early visual area activations and their dependence on
the stimulated location of the VF.
Materials and methods
Subjects
Three, healthy, right-handed male subjects aged 26–28 years,
participated in the MEG experiment. All had normal vision. For
each subject, the experiment was repeated on 3 different days. The
host institution’s ethics committee approved the study, and all the
subjects gave their informed consent.
Stimuli
The subject was comfortably seated in a magnetically shielded
room. The stimuli were delivered via a fiber-optic goggle system
(Avotec, Inc., FL, USA), which subtended 30° × 23° of visual
angle. Eight different locations (2 eccentricities × 4 quadrants) of
the visual field along the 45° diagonals were stimulated, one at a
time, using circular checkerboard patterns, with the check size of
1° (Fig. 1). In half of the runs, a stimulus with a radius of 2.5°
was presented at 4° eccentricity (parafoveal), and in the other half,
a stimulus with a radius of 4° was presented at 9° eccentricity
(peripheral) in each quadrant of the VF. The larger size of the
stimulus presented at the peripheral locations did not compensate
fully for the cortical magnification factor (Rovamo and Virsu,
1979). In each run, the stimulus was presented a total of 240
times − 60 to each quadrant. Quadrants were stimulated in random
order. Each stimulus was displayed for 500 ms, with an
interstimulus interval randomized between 400 and 600 ms. The
subject was instructed to fixate on a small red cross at the center
of the display throughout the run and to try not to make any eye
movements.
Recording and preprocessing

Fig. 1. Schematic image of stimuli. Circular checkerboard pattern stimuli
with radii of 2.5° and 4° were presented one at a time in each quadrant of the
VF in random order at 4° and 9° eccentricities, respectively. All stimuli had a
check size of 1° and were placed along the 45° diagonals of the VF.

MEG signal was collected using the 151-channel whole-head
Omega system (CTF Systems Inc., Canada). In synchrony with the
MEG signal, vertical and horizontal electrooculogram (EOG) and
electrocardiogram (ECG) were recorded at a sampling rate of
1250 Hz. In addition, eye position during the whole run was
recorded with an eye tracking system (Avotec, Inc.) mounted on
the goggles. Six runs were collected, alternating between
parafoveal and peripheral stimulations on each experimental day.
Thus, on each experimental day, three runs were performed for
each stimulated location. In addition, before and after each
experiment, ‘subject noise’ runs were collected, in which no
stimulus was presented. Subjects had to fixate on the fixation cross
and try to minimize their eye movements.
Offline, the MEG signal was converted to a 3rd-order synthetic
gradient, low-pass filtered at 200 Hz, and resampled at 625 Hz.
Trials where the eyes deviated more than 1° from the fixation
cross, or where the subject blinked, were identified using the eye
tracker and EOG data, and were removed from further analysis.
Independent component analysis in conjunction with ECG data
was used to remove the cardiac artifacts. The processed MEG
signal was averaged for each run and stimulated location
separately, with respect to the stimulus onset (− 100 to 200 ms),
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which resulted in 72 averaged trials (8 locations × 3 runs × 3 days)
for each subject. ‘Subject noise’ runs were not averaged.
The subjects’ head location was recorded at the beginning and
end of each run, which lasted about 4 min. Average head
movement of each subject during a run was around 1–2 mm. Runs
in which movement exceeded 4 mm were repeated.
Coregistration of MEG and MRI
A high-resolution anatomical MRI for each subject was taken
with a 1.5-T system (Siemens Magneton Symphony). Before each
experiment, three head localization coils were attached to the
subject’s head on fiduciary points: one close to the nasion and two
close to the preauricular points on right and left sides. Four extra
coils were attached to the head in order to reconstruct more
accurately the subjects’ head shape. The surface of the head with
all seven coils was digitized using a 3D non-contact laser scanner
(VIVID 700, Konica Minolta, Japan) and a 3D digitizer
(Polhemus, 3Space/Fastrak, USA). In addition, the relative
positions of the extra coils were determined by activating them
one-by-one and measuring with the MEG system. A special
method (Hironaga and Ioannides, 2002) that uses the digitized
head shape and the information about the extra coils was used to
coregister the digitized points to the MRI. Thus, the position of the
fiduciary coils with respect to the subject’s MRI was identified
with an accuracy of 1 mm. After this procedure, the four extra coils
were removed. Before and after each run, the fiduciary coils were
activated and their exact positions were determined with respect to
MEG sensors. Thus, we determined the positions of the sensors
relative to the MRI for each run.
Tomographic source analysis
MFT (Ioannides et al., 1990) was used to obtain the threedimensional distribution of primary current density vectors
throughout the brain at each timeslice (1.6 ms) of each averaged
trial. MFT is a non-linear method that optimally exploits the spatial
distribution of the MEG signal for obtaining a distributed solution
for both sparse and compact current densities in the brain (Taylor
et al., 1999). Its solutions at each timeslice are described by
continuous functions that can be computed at any point in space.
However, simply for storage efficiency the current density vectors
were saved at representation points only, which make up a
17 × 17 × 17 grid that covers the whole brain with inter-point
distance of about 8 mm. Current density vector maps were derived
from these representation points by using smooth quintic polynomial interpolation as implemented in IDL (Interactive Data
Language from RSI). The implementation is based on Akima’s
quintic polynomials (Akima, 1978), where derivatives are estimated
by Renka’s global method (Renka and Cline, 1984). Our own tests
with computer simulations and a denser grid (inter-point distance of
1 mm) showed that the quintic interpolation could estimate the
maxima of activity with of about one mm accuracy. MFT analysis
was performed using the same procedure described in Moradi et al.
(2003). Theoretical justification of the algorithm is given in Taylor
et al. (1999).
Statistical parametric map
Post- and prestimulus periods of the MFT solutions were
contrasted using Student’s t-test, to generate a statistical parametric
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map (SPM) for each subject, experimental day, and stimulated
location. Each SPM was generated using the three available
averaged trials. For each representation point, the moduli of the
current density vectors in four consecutive timeslices (6.4 ms time
window) were put together from each trial to form a distribution for
the statistical tests; i.e. 12 elements were included in each
distribution. Three such baseline distributions were determined
for each case. The time windows for determining the baseline
distributions were selected randomly from the prestimulus period
(− 100 to − 10 ms). The windows for an “active” distribution were
taken from the poststimulus period starting at the stimulus onset
(0 ms) and were stepped until 200 ms. Student’s t-test was used to
compare the “active” distribution with each of the three baselines.
The highest corrected P value (least significant difference, with
Bonferoni correction using 4913 points (17 × 17 × 17) applied for
multiple point comparisons) obtained from these three comparisons
was assigned to the representation point. Then the “active” window
was moved by 1.6 ms (1 timeslice) for the next comparison with
the same baselines. High resolution SPMs were then constructed
from the statistical values at the representation points by using the
same interpolation methods as for the current density vector maps
described above.
Regions of interest and regional activation curves
Each SPM was scanned timeslice-by-timeslice starting from the
prestimulus period till 100 ms after the stimulus onset. The earliest
significantly activated region at a significance threshold of
P < 0.005 was identified as a candidate region. Activated regions
in the following timeslices were selected as candidates if they
passed the significance threshold and could be clearly separated
from the earlier identified candidate regions in space and time. The
candidate regions activated in the first 100 ms of the poststimulus
period were displayed on the anatomical MRIs, for each subject
and experimental day separately. On each of these displays, brain
areas, which contained candidate regions corresponding to
different stimulated locations, were identified. In few cases when
the region was close to more than one identified area, its
coordinates were compared to the mean coordinates of the other
candidate regions in each area, and the region was assigned to the
closest area. Within each identified area, the centroids of the
candidate regions were designated as centers of spherical regions
of interest (ROI) with a radius of 7 mm. Twenty-four such ROIs
were defined in each area of each subject—a ROI for each
stimulated location and experimental day (8 locations × 3 days;
Supplementary Table 1). Talairach coordinates (Talairach and
Tournoux, 1988) of the areas were estimated by averaging the
coordinates of the ROIs in each area across subjects and different
eccentricities, separately for left and right hemispheres. Hereafter
X, Y and Z will be used to refer to coordinates in Talairach space.
Retinotopic arrangement of the ROIs in each area was tested
using analysis of variance (ANOVA) with subject (3 subjects), and
experimental day (3 days) as random variables; and stimulated
hemifield (left and right), VF (lower and upper), and eccentricity
(parafoveal and peripheral) as fixed factors. X, Y and Z coordinates
of the ROIs were tested separately. If the arrangement was
retinotopic then each fixed factor (hemifield, VF and eccentricity)
had to have a significant main effect on at least one of the
coordinates.
The main direction of each ROI was defined as the dominant
orientation of the current density vectors in that ROI and was
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calculated using circular statistics (Fisher, 1993), which is an
established framework for identification of statistically significant
distributions based on both magnitude and direction of vectors
(Ioannides et al., 2005). The distribution for each ROI was
constructed from the current density vectors inside the ROI from
the timeslice from which the region had been identified on the
SPM. Current density vectors were selected from all MFT solutions
that were used for generating the SPM, from which the ROI was
identified.
In order to circumscribe the V1 ROIs for each subject, the
borders between V1 and V2 (representations of the vertical
meridian) and the representation of the horizontal meridian in V1
were determined in a separate fMRI experiment.
A regional activation curve (RAC) is generated by integrating,
for each timeslice of 1.6 ms, the projections of the current density
vectors along the main direction at all points inside of an ROI. It
defines the time-course of activation of the ROI along its main
direction. RACs for each ROI were generated from the MFT
solutions derived from each averaged trial.
Response properties
The values of three response properties: onset latency, the peak
amplitude, and its latency, were extracted from the 10 sensors with
the strongest MEG signal and all RACs. In this way we can probe
the responses at both the MEG signal and brain current source
(MFT solutions) levels. The amplitudes and the latencies of the
peaks were simply read off from the peaks of the time-courses. To
identify the onset latencies each time-course was smoothed using a
6.4 ms window (4 timeslices). The onset latency was defined as the
first latency of the monotone rise of the smoothed time-course
leading to the peak.
For statistical analysis of these properties, we used the SPSS
statistical software package (SPSS Inc., IL, USA). An ANOVA was
applied to each of the extracted response properties with subject (3
subjects) and experimental day (3 days) as random variables and
VF (lower and upper) and eccentricity (parafoveal and peripheral)
as fixed factors. The properties extracted from all the MEG sensors
were used in ANOVA computations.
Selectivity index
To determine the specificity of a given ROI to each stimulated
location, the selectivity index (SI) was calculated based on the peak
amplitudes of the ROIs in response to different stimulated
locations:
lrl  lrl
ﬃ
SIrl ¼ qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
r2rl þ r2rl
where SIrl is the selectivity of the ROI r to the stimulated location
l; μrl is the mean peak amplitude of the ROI r in response to the
location l; μrł is the mean peak amplitude of the ROI r in response
to all the rest of locations; and σrl and σrł are the corresponding
standard deviations (SD).
Simulation
Simulated MEG signal was used to test the accuracy of the
source localization in each of the areas identified during analysis of
the real data. The signal was generated so as to closely mimic the

real experimental data. MEG signal recorded during the ‘subject
noise’ run before the experiment was used as ‘background noise’
for the simulated data. Three runs of 60 trials each were simulated
using source dipoles placed in each of the areas determined from
the real data (V1, putative V4, putative V5/MT+, vPOS and
dPOS; see Results). All the dipoles were activated in each trial,
with overlapping Gaussian time-courses. The SD of the Gaussian
was 5 ms for all the dipoles in all the trials, whereas the mean for
each dipole was selected randomly in each trial from a time range
matching the one determined from the real data (80–85 ms for V1;
95–100 ms for putative V4; 85–90 for putative V5/MT+; 81–86
for vPOS; and 82–87 for dPOS). The forward solution was
computed using an overlapping sphere model, where, for each
MEG sensor the head is modelled by a sphere that best fits the
local curvature of the inner surface of the skull under that sensor.
The resulting simulated MEG signal was added to the ‘background noise’. For each trial in each run, a different segment of
the ‘subject noise’ run was used as ‘background noise’. The
strength of each dipole in each trial was adjusted so that the peak
amplitude of its generated MEG signal was equal to the SD of the
‘background noise’ in that trial. Then, the 60 trials of each run
were averaged and the resulting averaged trials were analysed
exactly the same way as the real data.
Because the head model used for simulating the MEG signal is
more realistic (Huang et al., 1999) than the one used for solving the
inverse problem (Moradi et al., 2003), results of these accuracy
tests will also reflect the localization errors due to the head model
used in the analysis of our data.
Results
MEG signal
The strongest averaged MEG signal in the poststimulus period
in all subjects was recorded over the contralateral occipital sensors
(Fig. 2A). This signal was highly reproducible across different
experimental days (Fig. 2B), and showed a prominent peak before
100 ms. Lower and parafoveal VF stimulations generally produced
stronger MEG signal than upper and peripheral VF stimulations,
respectively.
For each run and stimulated location, the ten sensors with
strongest averaged MEG signal at the peak were selected. For
statistical analysis, onset latency, the peak amplitude and its latency
were extracted from the time-courses of these sensors. Application
of ANOVA to each of the extracted response properties revealed
significant main effects of eccentricity for onset (F = 61.2, P < 0.03)
and peak (F = 57.1, P < 0.005) latencies, and of visual field for peak
amplitude (F = 101.9, P < 0.04). Mean onset latencies were on
average 13 ms, and mean peak latencies 11 ms faster for peripheral
than parafoveal stimulations. Mean peak amplitude was 1.6 times
stronger for lower than upper VF stimulation. Mean values of all
response properties for each subject, experimental day, eccentricity,
and VF are given in Supplementary Table 2.
Source analysis
Following MFT source analysis, ROIs for each subject and
experimental day were identified in V1, three areas in the dorsal
and one area in the ventral stream. Two of the dorsal stream areas
were located along the POS and we tentatively named them ventral
POS (vPOS) and dorsal POS (dPOS). Based on the response
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Fig. 2. MEG signal. Typical examples taken from the first two runs of subject VP. (A) Time-course (−100 to 180 ms) and distribution over the head of all 151
MEG sensors in response to each stimulated location of the VF is displayed for Day 1. Location of each sensor map in the figure represents the stimulated
location of the VF. Time-courses of sensors with the largest positive (red) and negative (blue) deflections are marked and shown on the left (upper right periphery,
lower right periphery, upper left parafovea and lower left parafovea), and right (upper left periphery, lower left periphery, upper right parafovea and lower right
parafovea) side of each map. The peak signal strength for each stimulated location is given in the lower right corner of the corresponding figure (fT, femtotesla).
(B) Time-courses of the sensors with the largest positive (solid lines) and negative (dotted lines) deflections on 3 different days (red – Day 1, blue – Day 2, green –
Day 3) superimposed for lower-left parafoveal (left), and upper-right peripheral (right) VF stimulations. We also note the names of the MEG sensors whose timecourses are shown.

properties and the Talairach coordinates, the third dorsal stream
area was named putative V5/MT+, and the ventral stream area
putative V4 (Fig. 3A, Table 1, Supplementary Fig. 1 and
Supplementary Table 1). Talairach coordinates of the identified
areas in each hemisphere are given in Table 1. Mean coordinate
and SD across days for each ROI and subject is provided in

Supplementary Table 1. Fig. 3A shows the mean locations across
days of ROIs in the left hemisphere of subject PJ in response to
right hemifield stimulations. Locations of these ROIs relative to
major sulci and gyri were consistent across subjects (Supplementary Fig. 1), and highly reproducible across different experimental
days in each subject (Supplementary Table 1). Organization of
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Fig. 3. Responses in areas V1, putative V4, putative V5/MT+, vPOS and dPOS. (A) Mean locations across days, of the ROI centers identified in the left
hemisphere of subject PJ in response to right hemifield stimulations. This organization of ROIs was very typical for all subjects. Centers are projected on the axial
(left) and sagittal (right) slices of the MRI. The solid gray line on each axial slice together with the X Talairach coordinate in the lower right corner for each area
indicate the location of the corresponding sagittal slice. White arrows point to the parieto-occipital sulcus (POS), and calcarine sulcus (CS). Insert in the upper left
corner shows the schematic image of the stimuli. Colored symbols are depicted to indicate the correspondence between the stimulated locations and identified
ROIs; they were not presented to subjects. Triangles and diamonds indicate lower and upper; and cyan and yellow, peripheral and parafoveal VF stimulations,
respectively. The green lines on the sagittal slice showing the localization results for V1 indicate the V1/V2 borders (representation of vertical meridian), which
were obtained in a separate fMRI experiment. (B) Time-courses (RACs) of ROIs identified for subject PJ and shown in (A) for 3 days (red – Day 1, blue – Day 2,
green – Day 3) are superimposed. The black, filled circle in the schematic image of stimuli displayed on the upper left part of each figure indicates the stimulated
location of the VF for the time-courses displayed in that figure.

ROIs in both hemispheres was very similar. On average, across
subjects and stimulated locations, the SD of activations centroids in
the 3 days in areas V1, putative V4, putative V5/MT+, vPOS and
dPOS were 1.5, 1.5, 1.5, 1.9 and 1.1 mm, respectively.

All ROIs were identified in the hemisphere contralateral to the
stimulated location and their arrangement in each area was
retinotopic and consistent across subjects. To quantify statistically
the retinotopy in each area, ANOVA was applied separately to X, Y

V. Poghosyan, A.A. Ioannides / NeuroImage 35 (2007) 759–770
Table 1
Talairach coordinates X, Y, Z (mean ± SD) in mm of identified areas
Area

V1
V4
V5/MT+
vPOS
dPOS

Left

Right

X

Y

Z

X

Y

Z

−7±5
− 22 ± 4
− 33 ± 9
− 14 ± 4
− 19 ± 4

−82 ± 8
−77 ± 5
−77 ± 11
−60 ± 6
−71 ± 6

−7 ± 9
−8 ± 7
−1 ± 4
10 ± 5
15 ± 5

7±5
24 ± 5
35 ± 2
19 ± 6
17 ± 8

− 81 ± 8
− 74 ± 5
− 71 ± 6
− 55 ± 8
− 69 ± 12

−3±6
−8±7
3±6
14 ± 8
24 ± 4

Mean and SD across subjects and different eccentricities of Talairach
coordinates of the ROI centers identified in each area in the left and right
hemispheres separately.

and Z coordinates of the ROIs. All the identified areas showed
statistically significant retinotopic arrangement. In addition,
retinotopic organization of each area was confirmed using the SI.
The SI was calculated for each possible pair of ROI and stimulated
location for each experimental day separately. In all cases, the
largest SI was obtained for the “retinotopically corresponding” pair
(Fig. 4). Fig. 4 shows the averaged across days SI values for
subject VP. The largest values (whiter colors) are positioned along
the diagonals extending from upper left to lower right corners of
each figure, which indicate the values for the “retinotopically
corresponding” pairs. Similar results were obtained for each
subject on each day.

Time-course of sources
To trace the temporal dynamics of the identified visual areas,
RACs were generated for each ROI and averaged trial. In all the
RACs a clear stimulus-evoked response that peaked before or just
after 100 ms was evident. These responses in each area were highly
reproducible over different experimental days. Typical examples of
RACs for each identified area on different days are shown in Fig.
3B. The RACs correspond to ROIs shown in Fig. 3A. Three main
response properties: latency of onset, peak amplitude, and peak
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amplitude latency were extracted for each visual area from the
RACs of all averaged trials. In all cases studied, V1 was activated
first and putative V4 last. Fig. 5 shows the mean and SD of the
onset latencies of all areas for each subject and stimulated
eccentricity. Mean values of all response properties of all areas for
each subject, eccentricity, and visual field are provided in
Supplementary Table 2.
Area V1
Activations in V1 were in good agreement with the “cruciform”
model. That is, they were contralateral to the stimulus hemifield,
and stimulation of the lower VF activated regions in dorsal V1,
while stimulation of the upper VF activated ventral V1 (Fig. 3A
and Supplementary Fig. 1). These placements fell clearly on either
side of the horizontal meridian representation, obtained from
independent fMRI experiment for each subject. Activations in
response to parafoveal stimulations were more posterior and closer
to the operculum compared to activations elicited by peripheral
stimulations, which were in the calcarine. Statistical tests using
ANOVA showed significant main effect of stimulated hemifield for
X (F = 353.1, P < 0.000001), of VF for X (F = 8.5, P < 0.005) and Z
(F = 10.2, P < 0.002), and of eccentricity for Y (F = 15, P < 0.0002)
and Z (F = 54.2, P < 0.000001) coordinates.
ANOVA was applied also to each of the response properties
extracted from the RACs of V1. The only significant main effects
were of eccentricity for onset latency (F = 50.1, P < 0.01), and of
VF for peak amplitude (F = 73.5, P < 0.009). Mean onset latencies
were, on average, 11 ms faster for peripheral than parafoveal
stimulation. Mean peak amplitude of V1 responses was about 2.4
times stronger for lower than upper VF.
Activity was clearly identified in V1 before the adjacent areas,
but as we have previously observed (Moradi et al., 2003), within
just a few milliseconds activity spread to V2, V3, and other brain
areas (Fig. 6). After the initial distinct V1 activation, V2 and V3
were activated in overlapping latencies, making it difficult to
separate them from V1, and hence no ROIs were defined in either
V2 or V3.

Fig. 4. SIs of identified ROIs in response to all stimulated locations of the VF for subject VP averaged across days. Each figure demonstrates the SIs of ROIs in
one area. SI values are color-coded, increasing from black to red to white. At the bottom of each figure, the values corresponding to black (lowest SI value) and
white (highest SI value) are given. Stimulated locations are represented on the rows and are denoted by two letters and a number, where the first two letters code
the stimulated quadrant of the VF (LR – lower right, LL – lower left, UR – upper right and UL – upper left), and the number shows the stimulated eccentricity.
For example, “LL9” denotes stimulation of the lower left quadrant (LL) of the VF at 9° eccentricity. ROIs are represented on the columns, and are denoted by the
name of the brain area. In the brackets are found the stimulated location in response to which the ROI was identified from the SPMs. SI values presented along the
diagonal extending from upper left to lower right corners of each figure are the ones obtained for the “retinotopically corresponding” pairs. Similar results were
obtained for each day and subject.

766

V. Poghosyan, A.A. Ioannides / NeuroImage 35 (2007) 759–770

However, in the right hemisphere of subject GP they were mapped
in opposite order (Fig. 7). Significant main effect of hemifield and
VF were present for X (hemifield – F = 3990.6, P < 0.000001; VF –
F = 5.3, P < 0.02), of eccentricity for Y (F = 7.8, P < 0.007) and Z
(F = 82.2, P < 0.000001) coordinates.
Application of ANOVAs to the response properties showed that
the only significant main effect was of eccentricity for peak
amplitude (F = 40.4, P < 0.02). Mean peak amplitude of responses
in putative V4 was about 2.6 times stronger for parafoveal than
peripheral stimulations.
Area putative V5/MT+

Fig. 5. Mean and SD of the onset latencies of each area for each subject,
separated for peripheral and parafoveal stimulations. Each row represents
latencies of an area indicated on the left side of the figure. The circle,
asterisk, and square denote different subjects as specified in the upper right
corner of the figure. Cyan and yellow colors represent latencies for
peripheral and parafoveal stimulations, respectively. The symbol for each
subject is placed at the position of the mean onset latency, and the
surrounding bars show the SD across all runs (3 runs for each of 3 days).

Area putative V4
Activations in putative V4 in response to lower VF stimulations
were localized more laterally than the ones evoked by upper VF
stimulation at the same eccentricity. Parafoveal and peripheral
stimulations elicited activations in more dorsal and ventral regions,
respectively (Fig. 3A and Supplementary Fig. 1). In both
hemispheres of two subjects (PJ and VP), and in the left
hemisphere of the third subject (GP), parafoveal locations were
mapped posteriorly to the representations of peripheral locations.

A weak retinotopy was identified in area putative V5/MT+ (Fig.
3A and Supplementary Fig. 1). Activations evoked by lower VF
stimulations were posterior to the ones evoked by upper VF
stimulations. In the lower VF, activity elicited by parafoveal
stimulations was more ventral than the activity elicited by
peripheral stimulations. In the upper VF, stimulations of different
eccentricities produced activations that could not be separated from
each other. ANOVA revealed significant main effect of hemifield
for X (F = 2377.7, P < 0.000001), of VF for Y (F = 18.4, P < 0.00006),
and a marginally significant effect of eccentricity for Z (F = 3.4,
P= 0.068) coordinates.
Response properties showed significant main effect of both
eccentricity (F = 20.1, P < 0.04) and VF (F = 29.4, P < 0.03) for the
peak amplitude of putative V5/MT+ responses. Mean peak
amplitude of responses was about 1.3 times stronger for parafoveal
than peripheral stimulations, and about 1.8 times stronger for lower
than upper VF stimulations.
Areas along POS
Two areas with similar retinotopic organization were found
along the POS (Fig. 3A and Supplementary Fig. 1, vPOS and
dPOS). In both areas, the lower VF was mapped towards the
posterior dorsal end of the POS and the upper VF in the direction
of the anterior ventral end, with a tendency of the lower VF being
represented more on the occipital wall of the POS, and upper VF
on the parietal wall. In dPOS, the lower VF was also mapped
laterally, and the upper VF medially. In vPOS, parafoveal and
peripheral locations of the visual field were represented ventrolaterally and dorso-medially, respectively. In dPOS, activations
elicited by the stimulation of different eccentricities in the same
quadrant of the VF could not be separated. ANOVA showed that in

Fig. 6. Spread of activity from the initial response in V1 as a function of time. A typical example taken from the Day 1 experiment of subject PJ for the stimulus
presented in the lower right quadrant of VF at 9° eccentricity. The MRI slice that best covered the dorsal part of V1 is shown. Yellow contours encompass the
regions of statistically significant (P < 0.005) activations. Activations clearly separated in V1 and vPOS are labeled accordingly. Latencies of activations are given
on each MRI.
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occipital regions. The onset and peak latencies extracted from the
MEG signal in response to peripheral stimulations were on average
43 ms and 71 ms, respectively, and in response to parafoveal
stimulation, 56 ms and 82 ms, respectively. This over 10 ms
advantage for peripheral locations was statistically significant. In
accord with earlier studies (Fylan et al., 1997; Portin et al., 1999),
we found significantly stronger MEG responses to lower than
upper VF stimulations.
Source analysis
Fig. 7. Area putative V4 in the right hemisphere of subject GP. The same
conventions as in Fig. 3A are used.

both areas the main effect of hemifield is significant for X (vPOS –
F = 817.6, P < 0.000001; dPOS – F = 1971.7, P < 0.000001) coordinate. In vPOS the main effect of VF was significant for only Y
(F = 17.8, P < 0.00008) and in dPOS for both Y (F = 91.3,
P < 0.000001) and Z (F = 100.3, P < 0.000001) coordinates. In
addition, in vPOS the main effect of eccentricity was significant for
X (F = 9.5, P < 0.007) and Z (F = 15.3, P < 0.001) coordinates.
In both areas, the only significant main effect related to
response properties was of VF for peak amplitude (vPOS –
F = 27.8, P < 0.01; dPOS – F = 81.7, P < 0.008). In vPOS, lower VF
stimulation produced about 1.5 times stronger responses than in the
upper VF. In dPOS the ratio increased to 2.4.

Simulation
Accuracy of the localization was verified using computer
simulations. As with the real data, MFT followed by post-MFT
SPM was applied to simulated MEG signal and all the source dipoles
could be clearly localized. Fig. 8 shows the dipoles, together with the
significantly activated regions identified by the MFT analysis, at the
latency of the most significant activation in the given area. The
distances between the dipoles and centroids of the corresponding
significantly activated regions were 1, 2.6, 3, 2.8 and 2 mm for V1,
putative V4, putative V5/MT+, vPOS and dPOS, respectively.
Discussion
MEG signal
The activity pattern of MEG sensors in the first 100 ms after
stimulus onset was consistent with sources in the contralateral

In our earlier study (Moradi et al., 2003) we examined
localization of activity in V1 using MEG and fMRI by presenting
stimuli for each subject in a single quadrant of the VF. The
stimulated quadrant was selected according to the morphology
around the calcarine sulcus of each subject, so that the targeted area
in V1 would be relatively smooth, and well separated from the V1/
V2 border, and the fundus of the calcarine sulcus. The mean
separation between activation centers identified by fMRI and the
earliest MEG activation was 3–5 mm. This was the limit set by our
MEG/MRI coregistration accuracy at the time. Since then, we have
improved our coregistration method, allowing us an accuracy of
about 1 mm (Hironaga and Ioannides, 2002). Using this improved
MEG/MRI coregistration procedure, we studied the responses
elicited by stimuli from all the quadrants of the VF at two different
eccentricities. We selected subjects from our subject pool without
any criteria set for the calcarine morphology and measured
responses of each subject on 3 different days. Our aim was test
our localization accuracy and precision in the early visual cortical
areas on arbitrary subjects, and reveal the dependence of their
responses on the stimulated location of visual field. We defined the
precision of the localization as the SD of the activation centroid
locations across 3 experimental days, and the accuracy as the
distance between the source dipole and the corresponding
activation’s centroid derived from the simulated data.
The earliest activations in response to all stimulated locations
were registered in V1. These activations were compared with the
V1/V2 borders, which were obtained in a separate fMRI
experiment for each subject. The organization of ROIs defined in
V1 was in complete agreement with the known retinotopic
organization (Holmes, 1945; Fox et al., 1987; Horton and Hoyt,
1991; Engel et al., 1994, 1997; Sereno et al., 1995; DeYoe et al.,
1996). The precision of localization in V1 was 1.1, 1.7 and 1.7 mm
for each subject, respectively.
Onset latencies in V1 were significantly shorter in response to
peripheral than parafoveal stimulations. On average, the difference

Fig. 8. Source dipoles (light blue arrows) together with their MFT–SPM estimates (yellow contours). Sagittal slices of MR images where the dipoles were placed
are shown. Yellow contours encompass the regions with a statistical significance of P < 0.000001. Names of the areas are given on top of each MRI. The distance
between the dipole's location and the centroid of its estimate is indicated next to each dipole. Latencies of the estimated activations are shown at the bottom of
each MRI.
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was 11 ms. Similar latency difference in a general area around the
calcarine sulcus (V1/V2) has been indicated by Liu and Ioannides
(2006). In the study of Liu and Ioannides (2006) face stimuli were
presented to subjects at the fovea or in one of the VF quadrants,
and the latency difference did not reach a significant level. In the
present study we demonstrate a significant difference in the onset
latency of V1 while stimulating parafoveal and peripheral locations
in each quadrant of VF. We attribute this difference to the
differential contributions of magno- and parvocellular pathways to
the responses. The ratio of magno- to parvocellular inputs to V1 is
more than twice as large at 9° than at 4° eccentricity (Dacey and
Petersen, 1992; Azzopardi et al., 1999), hence the contribution of
the magnocellular pathway in response to peripheral stimulations
should be more significant. A number of studies have found that
the transmission time from retina to striate cortex in macaque
monkeys is shorter through the magnocellular pathway by 10–
20 ms (Mitzdorf and Singer, 1979; Maunsell and Gibson, 1992;
Nowak et al., 1995; Schmolesky et al., 1998). To the best of our
knowledge, our MEG results provide the first compelling
demonstration of shorter onset latencies in V1 for peripheral than
parafoveal stimulation.
Following the onset in V1, activity spread rapidly to V2, V3
(Fig. 6), and throughout the visual system. By the time the V1
response reached its peak some 30 ms after the onset, all the areas
identified in this study were already active. This rapid spread of
activity through the visual processing streams and the large overlap
of response latencies identified in the present study are in excellent
agreement with monkey electrophysiology studies (Nowak et al.,
1995, 1999; Schroeder et al., 1998; Schmolesky et al., 1998;
Lamme and Roelfsema, 2000).
Given such an overlap in response latencies, activations of
several areas including V2 and V3 could not be unambiguously
isolated. ROIs were defined only for regions that could be clearly
separated, and further analysis was carried out for these regions.
The present study identified three dorsal stream areas, putative V5/
MT+, vPOS and dPOS, and only one ventral stream area, putative
V4. In all of these areas the arrangement of ROIs was evidently
retinotopic, which was confirmed by ANOVA and SI computations. Importantly it was in accord with the retinotopic organizations identified in the earlier PET and fMRI studies (de Jong et al.,
2001; Wade et al., 2002; Huk et al., 2002; Dechent and Frahm,
2003; Wandell et al., 2005; Brewer et al., 2005; Tyler et al., 2005;
Pitzalis et al., 2006). The precision of localization in each area was
within 2 mm, and the accuracy estimated based on the computer
simulations was 2.3 mm on average and 3 mm in the worst case (in
putative V5/MT+).
The dorsal stream areas were activated after V1, but before the
ventral stream area (putative V4). In addition the activations here
lasted less than in V1 and putative V4. The spatiotemporal
activation pattern revealed here corresponds very well with the one
found in monkeys (Schroeder et al., 1998; Schmolesky et al., 1998;
Lamme and Roelfsema, 2000), where V1 activations were
followed by activations of dorsal and then of ventral stream areas.
In monkeys, most areas in the ventral stream lagged V1 by about
23 ms, whereas dorsal areas were activated within 10 ms of V1
(Schroeder et al., 1998; Schmolesky et al., 1998). These latency
differences and the sequence of activated regions are very similar
to the ones identified in the current study. In addition, in monkeys,
ventral stream areas exhibited larger latency spread, which is
consistent with the longer-lasting activation in putative V4
identified in this study.

In all dorsal stream areas, activations were significantly
stronger in response to lower than upper VF stimulations. A link
between the lower VF processing and dorsal visual stream has been
suggested (Previc, 1990). In addition, a number of studies (Fylan
et al., 1997; Portin et al., 1998, 1999; Tzelepi et al., 2001) reported
stronger occipital activations for the lower than upper VF.
The results of the current study, in addition to being very
reproducible across different experimental days in terms of
localization and timing, are also highly consistent with the results
from the human neuroimaging and monkey electrophysiology
studies. These facts attest the reliability and precision of our results
and the methodology used for the data analysis. Nevertheless, we
acknowledge that the findings related to the areas beyond V1
should be further validated with independent methods, e.g. using
fMRI.
In summary, we have demonstrated the ability to localize
brain sources using MEG with high precision (within 2 mm),
and identified in addition to V1 the precise timing of several
dorsal and ventral stream visual cortical areas. At this level of
precision, MEG becomes a powerful tool for studying spatial as
well as temporal details of human brain activity, and
specifically, as we have demonstrated here, the dynamics of
early visual responses. Consistent with earlier work from our
group, we have demonstrated that the spread of activity within
the visual system is very rapid, with activity reaching many
extrastriate areas by the time the V1 peak around 70 ms is
reached. Finally, we have shown, for the first time in humans,
significantly shorter latencies in V1 for peripheral than
parafoveal VF stimulations.
Appendix A. Supplementary data
Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.neuroimage.2006.11.052.
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