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participants attended to the stimulus position) and unattended
(i.e., participants attended away from the stimulus position)
conditions. One important property of C1 is that the C1 evoked
by a stimulus in the upper visual field has a negative magnitude
whereas the C1 evoked by a stimulus in the lower visual field
has a positive magnitude. To confirm the validity of the ERP
component C1 we examined and the generalizability of our



mum deviation from the fixation point for all subjects was �1°, which
suggests that even naïve subjects can well maintain their gaze position
at the center of the screen.

Experiment 2. The aim of this experiment was to replicate the
results of experiment 1 with stimuli in the lower visual field. There-
fore, the stimuli and procedure of experiment 2 were identical to those
of experiment 1, and only the stimulus positions differed. That is, in
experiment 2, the first stimulus was in the lower left visual quadrant.
One of the gratings of the second stimulus was in the lower left visual
field. The other was in the upper right visual field (Fig. 1C).

Recording

Scalp EEG was recorded from 64 Ag/AgCl electrodes positioned
according to the extended international 10–20 EEG system. Vertical
electro-oculogram (VEOG) was recorded from an electrode placed
above the right eye. Horizontal EOG (HEOG) was recorded from an
electrode placed at the outer canthus of the left eye. Electrode
impedance was kept below 5 k�. EEG was amplified with a gain of
500 K, band pass filtered at 0.05–100 Hz, and digitized at a sampling
rate of 1,000 Hz. The signals on these electrodes were referenced
online to the nose and were re-referenced offline to the average of two
mastoids.

EEG Analysis

Only the EEG signals induced by the first stimulus were analyzed.
Offline data analysis was performed with Brain Vision Analyzer
(Brain Products, Munich, Germany). The EEG data were first low-
pass filtered at 30 Hz and then epoched starting at 100 ms before the
stimulus onset and ending 300 ms after stimulus onset. Each epoch
was baseline-corrected against the mean voltage of the 100-ms pre-
stimulus interval. The epochs contaminated by eye blinks, eye move-
ments, or muscle potentials exceeding 	50 �V at any electrode were
excluded from the average. The remaining epochs were averaged for
each stimulus configuration. To select electrodes for the amplitude
and latency analyses, grand-averaged ERPs were made by averaging
signals across participants and stimulus configurations but separately





�2.91, P � 0.008] but not distant gratings [t(23) � �0.58,
P � 0.56]. As C1 has a peak latency of 80 - 84 ms after
stimulus onset, these results suggest that spatial attention
increased the suppressive interactions between close objects,
but not distant objects, as early as 80 ms after stimulus onset.

To examine exactly when the linear summation ended and
subadditivity started to emerge, we first calculated the suppres-
sion index at each time point for each condition and each
subject separately, then compared the suppression index with
zero at each time point across subjects. We adopted a criterion
of at least 20 consecutive time points (i.e., 20 ms) that are
smaller than 0 at a P � 0.05 level (one-tailed t-test; Chen et al.
2009) to detect intervals that showed a significant difference
between suppression index and zero. This criterion corre-
sponds to a P value of �0.038 corrected with the method
proposed by Guthrie and Buchwald (1991). The first time point
of such intervals indicated the emergence of subadditivity. We
found that when the stimuli were attended, suppressive inter-
action emerged at 40 ms after stimulus onset in the close
condition but did not emerge until 140 ms after stimulus onset
in the other conditions (i.e., when the stimuli were not attended
or when the distance between nearby gratings was distant).
These results suggest that subadditivity emerges as early as 40
ms after stimulus onset depending on both the attentional
modulation and the distance between the nearby gratings.

Although previous results have provided strong evidence
that C1 originates mainly from V1, we performed dipole
source analysis with BESA to confirm the cortical source of C1
in our experiment. The analysis was performed on the C1s
averaged over all five stimulus configurations but for the
attended and unattended sessions separately. We found that a
single dipole in right V1 (Talairach coordinate: 16, �88, 7)
accounted for 94.3% of the variance of C1 in the attended
session, and another dipole also in right V1 (Talairach coordi-
nate: 13, �82, 9) accounted for 95.9% of the variance of C1 in
the unattended session. Therefore, the C1s observed here were
mainly generated by V1. The positions of both dipoles are
shown in the upper right, lower left, and lower right quadrants
of unattended and attended panels of Fig. 2A. Taken together,
these results suggest that when the stimulus is not attended,
spatial summation in V1 at the population level is linear.
However, when the stimulus is attended, spatial summation in
V1 is linear only when the components of the stimulus are far
from each other. In other words, when the stimulus is attended,

whether or not the spatial summation in V1 is linear depends
on the distance between the components of the stimulus.

As there has been much controversy as to whether or not
attention can modulate the earliest visual activity reflected in
C1 (Kelly et al. 2008; Martinez et al. 1999; Rauss et al. 2009),
we also examined the influence of attention on the amplitude
and latency of C1 evoked by a single stimulus. The main effect
of attention on C1 amplitudes of the five stimulus configura-
tions was not significant, and there was no significant ampli-
tude difference between C1s obtained in the unattended and
attended sessions for any stimulus configurations [repeated-
measures ANOVA, F(1,23) � 0.41, P � 0.52; paired t-test, all
t(23) � 1.76, P 
 0.092]. This was also the case for the main
effect of attention on C1 latencies [repeated-measures
ANOVA, F(1,23) � 3.37, P � 0.08; paired t-test, all t(23) �
1.95, P 
 0.063]. The lack of attentional modulation on the
activity of a single stimulus was consistent with previous
results (Luck et al. 1997; Moran and Desimone 1985). How-
ever, given that attention did modulate the suppressive inter-
action between gratings that were close to each other, the
nonsignificant effect of attention on individual stimulus could
be a result of insufficient statistical power. It is very possible to
obtain a significant effect if we include more subjects or more
trials.

For comparison, we also investigated whether or not the P1
component, which appears right after C1 and is believed to
reflect extrastriate activation (Martinez et al. 1999), also fol-
lows linear summation. The five electrodes with the largest P1
amplitude were P4, P6, P8, PO4, and PO8. The P1 peak latency
was between 106 and 122 ms after stimulus onset (Fig. 4). The
main effect of attention on P1 latency was marginally signifi-
cant [F(1,23) � 4.181, P � 0.052], and the main effect of
stimulus configuration on P1 latency was significant [F(4,92) �
4.051, P � 0.005]. Because there were latency differences
between conditions, it was not reasonable to sum up the peak
amplitudes of P1s induced by one grating and those induced by
two gratings. Instead, we summed up the waveforms first and
then compared the peak of P1 component of the summed
waveform (P1sum) with the peak of the waveform induced by
three gratings (P1



conditions were also very small, it is unclear whether or not the
spatial summation reflected in P1 also followed a linear sum-
mation rule when the stimuli were not attended. In the attended
condition, P1Three was smaller than P1sum regardless of the
distance between gratings [P1sum vs. P1Three: close, t(23) �
5.24, P � 0.001; distant, t(23) � 3.63, P � 0.001]. Therefore,
the linear spatial summation relationship of P1 did not exist
when the stimuli were attended. In addition, consistent with
previous results (Di Russo et al. 2003; Fu et al. 2010; Heinze
et al. 1994; Mangun et al. 1998; Martinez et al. 1999; Woldorff
et al. 1997), we found that the amplitude of P1 evoked by a
single stimulus was significantly enhanced by attention [main
effect of attention, F(1,23) � 10.25, P � 0.004; paired t-test, all
P � 0.02 except for the Two_distant condition, t(23) � 1.00,
P � 0.32].

Experiment 2: Lower Visual Field

One typical property of C1 is that its polarity reverses when
the stimulus location changes from one visual field to another
(upper vs. lower). That is, a stimulus in the upper visual field
evokes a negative C1 while a stimulus in the lower visual field
evokes a positive C1. To confirm that the conclusions of
experiment 1 were not specific to the upper visual field, we
replicated experiment 2 in the lower visual field. Specifically,
in experiment 2, the first stimulus was in the lower left visual
field; the two gratings of the second stimulus were in the lower
left and upper right visual fields, respectively (Fig. 1C).

Behavioral results. In line with experiment 1, we compared
the orientation judgment accuracies in all conditions to confirm

that participants did not selectively attend to specific stimulus
distance conditions (close vs. distant grating conditions). In the
attended session, participants discriminated the orientation of
the grating of the second stimulus in the lower left visual field.
The accuracies in the five configuration conditions were as
follows: One, 80.3 	 1.71%; Two_close, 83.4 	 1.29%;
Three_close, 82.1 	 1.64%; Two_distant, 83.5 	 1.37%; and
Three_distant, 80.7 	 1.65%. The accuracies in stimulus
conditions with the central grating (One, Three_close, and
Three_distant) were significantly smaller than those without
the central grating (Two_close and Two_distant; paired t-test,
all P � 0.04). However, as predicted, the main effect of
distance (close or distant) was not significant [F



participants for five stimulus configurations were between 80
and 84 ms after stimulus onset.

Due to the fact that neither the main effect of attention
[F(1,18) � 0.06, P � 0.809] nor the main effect of stimulus
configuration [F(4,72) � 0.805, P � 0.526] on C1 latency was
significant, we analyzed the data using similar methods as in
experiment 1. We found that when the stimuli were not at-
tended, C1 followed linear spatial summation regardless of the
distance between gratings [C1One � C1Two vs. C1Three: close,
t(18) � 1.42, P � 0.17; distant, t(18) � 1.10, P � 0.29].
However, when the stimuli were attended, C1Three was signif-
icantly smaller than C1One � C1Two for close gratings [t(18) �
3.63, P � 0.002] but not for distant gratings [t(18) � 0.24,
P � 0.81]. This suggests that there were suppressive interac-
tions between close gratings but not between distant gratings
when the stimuli were attended (Fig. 6A). The suppression
index was also defined to examine how distance and attention
influence the interactions between gratings (Fig. 6B). Unlike
experiment 1, the suppression index should be positive
because the C1 was positive. Fifteen out of the 19 partici-
pants showed a positive suppression index in the close
condition when the stimuli were attended, but fewer partic-
ipants showed a positive suppression index in the other three
conditions (10 in the distant condition when the stimuli were
attended, 12 and 9 in the close and distant conditions,
respectively, when the stimuli were not attended). Repeated-
measures ANOVA showed that the interactions between
attention and distance was significant [F(1,18) � 4.57, P �
0.046]. A paired t-test showed that the increase of suppres-
sive interactions caused by attention was close to significant
between close gratings [t(18) � 2.08, P � 0.051] but was
far from significant between distant gratings [t(18) �
�0.669, �





attention did modulate the suppressive interaction between
gratings that were close to each other, the nonsignificant effect
of attention on individual stimulus might just be a result of
insufficient statistical power. On the other hand, the strong
modulation of attention on early interactions between multiple
objects revealed in C1 suggests that attention can modulate
interactions between objects in V1 at a very early stage. Most
previous electrophysiological and human fMRI studies only
showed that interactions in extrastriate areas could be modu-
lated by attention (Kastner et al. 1998). Although our previous
study (Chen et al. 2014) and a recent study by Miller et al.
(2015) provided evidence that attention can modulate the
interaction between objects, there are limitations in these
studies. For example, Miller et al.(2015) did not include an
unattended condition in their study; therefore, their results
could not address whether or not suppressive interactions exists
between objects when the stimuli were not attended. In addi-
tion, as we explained earlier, compared with our previous
study, our current study has a more appropriate design for
examining the effects of attention (i.e., there were no task
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