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A B S T R A C T   

In serial visual search we shift attention successively from location to location in search for the target. Although 
such search has been investigated using fMRI, overt attention (i.e., eye movements) was usually neglected or 
discouraged. As a result, it is unclear what happens in the instant when our gaze falls upon a target as compared 
to a distractor. In the present experiment, we used a multiple target search task that required eye movements and 
employed an analysis based on fixations as events of interest to investigate differences between target and 
distractor processing. Twenty young healthy adults indicated the number of targets (0–3) among distractors in a 
20-item display. Compared to distractor fixations, we found that target fixations gave rise to wide-spread acti-
vation in the dorsal attention system, as well as in the visual cortex. Targets that were found later during the 
search activated the left inferior frontal gyrus and the left supramarginal gyrus more strongly than those that 
were found earlier. Finally, areas associated with visual and verbal working memory showed increased activation 
with a larger number of targets in the display.   

1. Introdction 

When we look for our keys in a cluttered room, or when we look for a 
familiar face in a crowd, we have to shift our gaze from one location to 
the next until we find the target object among distractors. This is known 
as serial visual search (Treisman and Gelade, 1980). During this process, 
distractors are being rejected as task-irrelevant until an item that 
matches the target template is encountered. Here, we ask what distin-
guishes the processing of task-relevant targets from the processing of 
task-irrelevant distractors. Neuroimaging methods such as EEG and 
fMRI offer tools to investigate the dynamic process of serial visual search 
on the level of brain activity. In the present study, we used fMRI and eye 
tracking in combination to study serial visual search on the basis of in-
dividual item fixations. 

If targets are particularly salient they can ‘pop out’, thus rendering a 
serial search unnecessary. When serial search is compared to pop-out 
search, activations are observed in the dorsal fronto-parietal network 
comprising the posterior parietal cortex (PPC), intraparietal sulcus (IPS), 
and the frontal eye fields (FEF) (Donner et al., 2000; Leonards et al., 

2000). These brain areas have been associated with endogenously 
controlled attention (Corbetta & Shulman, 2002, 2011), consistent with 
the shifts of attention required in this task. A study by Fairhall et al. 
(2009) allowed for eye movements. The authors analyzed activation 
based on whole search trials and compared serial visual search with 
voluntary eye movements to a condition with eye movements that were 
guided by a tracking cue that followed a previously recorded scan path. 
They also observed activation in areas of the dorsal fronto-parietal 
attention network. On each shift of attention, an item (or a group of 
items) has to be matched against a target representation maintained in 
visual working memory (Navalpakkam and Itti, 2007). If the current 
item is rejected as a distractor, attention is shifted to the next item. If the 
current item matches the target template, this constitutes a task-relevant 
event. 

What can be expected to happen in the instance when we detect a 
target? With regard to overall differences between search displays with 
and without targets, results are mixed. Whereas there are reports of 
more activation in the dorsal attention network for target present dis-
plays compared to target absent displays (Madden et al., 2017), others 
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report less activation (Vallesi, 2014). However, comparing displays 
containing maximally one target with search displays where the target is 
absent is problematic. When displays contain a single target, the search 
is terminated on finding the target and target detection processes are 
confounded with the elicited response. If there is no target present, the 
search continues until all items have been processed and a negative 
response can be made (exhaustive search). Exhaustive searches typically 
take longer than terminated searches (Treisman and Gelade, 1980) 
which makes a direct comparison between both conditions difficult. In 
the present experiment, we therefore used search displays that could 
contain up to three identical targets and participants had to count these 
targets. To avoid counting the same target twice participants also had to 
memorize the spatial location of the targets. All searches containing less 
than three targets were exhaustive and thus comparable with regard to 
search time. 

In the present fMRI experiment we focused on eye fixations as critical 
events during the search process (fixation-based event-related analysis, 
Marsman et al., 2012). Allowing eye movements, which are natural 
indicators of attention shifts (overt visual attention), has the advantage 
of providing a more realistic account of visual search (Macaluso and 
Ogawa, 2018). Our primary goal of investigating processes that occur at 
the moment of target detection and processing in comparison to the 
processing of irrelevant distractors ties in naturally with the usage of eye 
fixations as markers of critical events during the search process. Fixa-
tions as events of interest in an fMRI analysis have been used before to 
investigate a range of tasks, such as reading (Carter et al., 2019; Hen-
derson et al., 2015; Richlan et al., 2014), natural scene or object viewing 
(Marsman et al., 2012; Marsman et al., 2013; Marsman et al., 2016; 
Henderson and Choi, 2015; Kuniecki et al., 2017) and eye contact (Jiang 
et al., 2017). 

Our primary goal was to separate the activation of targets from that 
of distractors within a trial. In visual search top-down control plays a 
major role in the guidance of attention to the target. Attention is ori-
ented towards items that share features with the target template. In-
formation from peripheral vision is used to guide the search process 
towards such items that are likely candidates for the target. In the 
experiment to be reported below, however, we prevented the usage of 
such information. The targets in our task (the letter ‘T’) consisted of the 
same basic features as the distractors (‘L’s). This minimal difference 
between items ensured that targets were peripherally no more salient 
than distractors. We also ensured that targets could only be discrimi-
nated from distractors via foveation, that is, targets could only be 
identified if they were properly fixated. Thus, any item in the search 
array could potentially be a target, encountered unpredictably by the 
participant during search. This means that in our paradigm brain acti-
vation at the moment of target processing reflects primarily the partic-
ularities of processing a rare and task-relevant item. 

Our focus on individual item fixations as the basis for analysis bears a 
certain similarity to visual oddball paradigms where a rare target occurs 
“unexpectedly” in a series of frequent distractors (Linden et al., 1999). 
Different from typical oddball experiments, however, our targets were 
no more salient than the distractors. The most salient target feature in 
our experiment was its temporal rarity. Finding a target amongst similar 
distractors is a rare event. During search, a target might become more 
temporally salient the more distractors have been processed beforehand. 
An important aspect of target processing may depend on the exact 
moment during search when a target is found. We therefore analyzed 
whether the time until finding the target modulated the observed 
response to targets. This is again similar to oddball tasks when there is a 
longer interval between targets. Areas in the anterior cingulate cortex, 
the temporo-parietal junction (TPJ), the lateral prefrontal cortex, and 
the postcentral gyrus as well as in subcortical areas such as the thalamus 
and the cerebellum were found to be more activated for targets with 
longer target-to-target intervals (Stevens et al., 2005). In the present 
experiment, we measured eye movements and approximated the time 
when a target was fixated by its fixation rank, that is, the number of 

fixations preceding a target fixation. We assumed that targets with 
higher fixation rank should activate the network identified by Stevens 
et al. more than targets with lower fixation rank. 

Our second goal was to investigate the increase in memory load by 
parametrically comparing displays with more targets to displays with 
fewer targets. Because we had participants search for zero, one, two, or 
three identical targets. Participants had to keep individual target loca-
tions in working memory to avoid revisiting old targets. Second, the 
number of targets found has to be continuously updated in order to 
avoid miscounting the total number of targets. Several studies have 
shown that participants can almost perfectly report whether there are 
one or two identical targets in a display (Gibson et al., 2000; Hiebel 
et al., 2018; Körner and Gilchrist, 2008; Körner et al., 2014; Ward and 
McClelland, 1989). Displays with more targets should tax working 
memory resources more strongly (Horowitz and Wolfe, 2001; Takeda, 
2004). Brain areas that show an increase in activation with working 
memory load are located in the parietal cortex (for a review, see, Owen, 
2004). We therefore expect to find a parametric increase in activation in 
the parietal cortex with the number of targets in the display. 

2. Methods 

2.1. Participants 

First, participants were screened to verify their usability for com-
bined eye tracking and fMRI measurements. For a participant to be 
considered for the main experiment, the eye tracker had to be calibrated 
with a spatial resolution of 0.50◦ v.a. or better, with the participant in 
the scanner. During the screening, participants completed a single 
training block of 24 trials, to familiarize themselves with the task, and 
with the responses. From 49 screened adult participants, 22 (14 females, 
8 males) met the above criterion, and were invited to participate in the 
experimental session, which took place one week after the screening. 
Two participants (both male) were excluded from the analysis due to 
error rates larger than 20%. Average age of the remaining 20 partici-
pants was 23.2 years (SD = 2.1, range 19–28 years). 

All participants had normal or corrected-to-normal vision (contact 
lenses), were right-handed, and were either university students or had 
an academic degree. No participant had a history of psychiatric or 
neurological disease. Participants were either paid €35 or received 
course credit for their participation. Written informed consent was ob-
tained from all participants prior to participation. The study was 
approved by the University of Graz ethics committee. 

2.2. Design and stimuli 

Participants completed a series of searches for multiple identical 
targets in letter displays. There were four different conditions: 0-T, 1-T, 
2-T, and 3-T, designating searches in displays that contained 0, 1, 2, or 3 
targets, respectively. Trials of each condition occurred equally often. 
Participants reported the number of targets by pressing one out of four 
respective buttons. We concurrently recorded manual responses, eye 
movements and fMRI data. 

Each display comprised a total of 20 items consisting of the letters 
“T” for targets and “L” for distractors. There were between 0 and 3 
targets present, with the remainder of the items being distractors. Each 
item consisted of a letter contained within a circle. This measure pro-
vided a clear target for each saccade and it reduced the possibility that 
letters were being identified with peripheral vision (Bouma, 1970). All 
items were presented in white on a black background. Letters subtended 
a viewing angle of 0.14◦ at a viewing distance of 127 cm. Circle diameter 
was 0.45◦ v.a. The items appeared randomly at the intersections of an 
imaginary 6 × 6 grid with a random deviation of maximally ±0.16◦ in 
both horizontal and vertical direction. The minimum inter-item distance 
was 1.38◦. The viewing angle of the whole display area subtended 
10.21 ◦ × 10.21 ◦. The displays were constructed to prevent top-down 
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guidance of search: only the currently foveated item could be identified. 
The locations but not the identity of all other items in the display were 
identifiable peripherally. This leads to search that is largely driven by 
proximity (Körner and Gilchrist, 2007; Höfler et al., 2014). 

2.3. Task and procedure 

The task was to search each display and report the number of targets 
present by pressing a button on a 4-button response pad. Participants 
were instructed to use their dominant hand for all four responses, with 
responses ordered for 0 to 3 targets from left to right, and one finger 
(from index finger to little finger) kept on each button. Participants were 
instructed to respond as quickly and as accurately as possible. 

Each trial started with a drift correction. A fixation disc was pre-
sented in the center of the screen until fixation was registered. After 
fixation was confirmed by the experimenter, the display was presented 
until the participant gave a manual response, thus ending a trial. After 
each trial there was an inter-trial interval which varied randomly be-
tween 4500 and 9500 ms (in 500 ms steps); during this interval a fixa-
tion cross was displayed (see Fig. 1). The inter-trial interval was varied 
to allow better estimation of the hemodynamic response (Liu et al., 
2001). 

A block consisted of a total of 24 trials. There were six blocks in total, 
resulting in 144 trials, with 6 trials per target condition per block. This 
yielded a total of 36 trials for each of the four target conditions. Trials 
were presented in a random order within each block. Before each block, 
the eye movement measurement by the eye tracker was calibrated. 
Participants lay supine in the scanner with their head stabilized with 
foam padding. Earplugs protected them from scanner noise. Prior to the 
start of the first block, an anatomical scan of the participant was ac-
quired over approximately 6 min. The six blocks of the experiment were 
then administered with the scanner starting separately for each block. 
The functional measurements lasted for approximately 50 min. Subjects 
were given a 5 min pause after the third block. 

2.4. MR recording 

Measurements were conducted using a 3 T Skyra MR scanner 
(Siemens Medical Systems, Erlangen, Germany) with a 20-channel head 
coil. Functional data were collected using a multiband accelerated EPI 

pulse sequence developed by the University of Minnesota (e.g. Xu et al., 
2013). 52 slices were acquired with a slice thickness of 2.5 mm, 0.25 mm 
gap, in-plane resolution 2.5 × 2.5 mm (TR = 1250 ms, TE = 40 ms, flip 
angle = 60◦, FOV = 240 mm). Anatomical data were collected using a T1 
MPRAGE sequence with an in-plane resolution of 1 × 1 mm and a slice 
thickness of 1 mm, 0.5 mm gap (TR = 1560 ms, TE = 2.07 ms, flip angle 
= 9◦, FOV = 256 mm). 

2.5. Eye movement recording and synchronization with MR recording 

Eye tracking and functional magnetic resonance imaging (fMRI) data 
were collected concurrently during the experiment. Two-dimensional 
eye movements were recorded using an Eyelink 1000 eye tracking sys-
tem with an infrared camera and a 50 mm lens (SR Research, Ontario, 
Canada). Displays were presented on a 32-inch LCD monitor (Nordic 
Neuro Lab, Bergen, Norway) with a resolution of 1920 × 1080 pixels and 
a refresh rate of 60 Hz. The monitor was located behind the bore of the 
scanner. The displays were viewed in the MRI scanner using an MR- and 
infrared-compatible mirror mounted onto the head coil and tilted at 45◦, 
in which the participant was able to view the entire display. The distance 
from the eye to the monitor was ~127 cm. 

Stimulus presentation, recording of manual responses, eye move-
ment recordings and synchronization with the MR scanner was 
controlled by custom-written software in C++ (Microsoft Visual Studio 
2007), which also used functions from the Eyelink toolbox (SR Research, 
Canada). We used a standard 9-point calibration procedure. Data were 
recorded from the right eye at a sampling rate of 500 Hz. 

The eye tracker was mounted to a wooden frame attached to the 
stand of the LCD display monitor, and was connected via a fiber-optic 
cable to a dedicated Host PC running EyeLink software. The Host PC 
was connected via an Ethernet link to a dedicated Display PC controlling 
the experimental display. The Display PC received input via USB from a 
Current Designs 932 interface (Current Designs, Philadelphia, USA). 
This interface was connected to a Current Designs 8 Button Bimanual 
Straight Lines response device via an optical port, and to the MR scan-
ner, from which it received an optical trigger signal at the start of the 
first and last TR cycle of each block. This trigger signal was passed on via 
the Display PC to the Host PC for offline synchronization of eye tracking 
and fMRI data. 

Fig. 1. Trial timing schema. After drift correction, the search display was presented. Participants were instructed to indicate the number of targets (zero, one, two or 
three) by pressing one of four buttons on a button box. The search display was then replaced by a fixation cross for the duration of the inter-trial interval. Dimensions 
are not true to scale; see text for details. 
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3. Data analysis 

3.1. Eye movement analysis 

Fixations were detected using the default SR research algorithm, 
which defines fixations as the periods between saccades. Saccades were 
detected if the velocity of the eye movement surpassed a threshold of 
30◦/sec, with a minimum acceleration threshold of 9500◦/sec2. Each 
fixation during a trial was assigned to the item with the shortest 
Euclidean distance to the fixation point. 

3.2. Fixation preprocessing 

The first and last fixations in a trial were removed from analysis. 
These fixations lacked saccade parameters such as incoming and out-
going saccade direction and saccade amplitude. Furthermore, some 
saccades landed upon the same item in direct succession. In the case of 
these immediate refixations, the fixations were collapsed, i.e. treated as 
a single fixation. When fixations were collapsed, the following param-
eters were recalculated: the fixation duration was derived by summing 
the durations of the fixations being collapsed. As onset time of the 
collapsed fixation the onset time of the first fixation being collapsed was 
taken. Direction and amplitude regarding the incoming saccade was 
taken from the saccade preceding the first collapsed fixation, while di-
rection and amplitude regarding the outgoing saccade was taken from 
the saccade following the last collapsed fixation. 

3.3. Fixation rank matching 

To better compare brain activation elicited by target and distractor 
fixations in a fixation-based analysis, distractor fixations were selected 
that were fixation rank matched to the target fixations. The fixation rank 
is an item’s ordinal position in the temporal sequence of fixations. 
Matching was conducted separately for each block (24 trials). First, we 
randomized the order of the 24 trials. This was done to prevent the 
matching procedure to pick distractors preferentially from early trials of 
a block. A target with a certain fixation rank was matched with a dis-
tractor with the same fixation rank but from a different trial of the same 
condition. This distractor was then marked and excluded from the 
matching procedure so that it could not be selected a second time. We 
only considered exact matches, leaving out target fixations for which no 
distractors with the exact fixation rank could be found. This resulted in a 
loss of 675 target fixations out of a total of 4925 (13.7%) of all target 
events. The loss per subject ranged from 2.6% to 25.4% target events. A 
greater percentage of target events was matched successfully in the 1-T 
condition (784 out of 824, 95.1%) than in the 2-T (1471 out of 1638, 
89.8%) and 3-T (1996 out of 2463, 81.0%) condition. The matching 
procedure yielded as many distractor events for analysis as there were 
target events. 

3.4. Fixation direction analysis 

The directions of incoming and outgoing saccades prior to and after 
each fixation were also analyzed in order to check for differences in 
saccade behaviour that may have influenced the results. Saccade di-
rections were divided into 12 bins of size 30◦ each, that is, bin 1 covered 
saccade directions in the interval 345◦–15◦ (0◦ being an upward 
saccade), bin 2 covered 15◦–45◦ etc. We then counted the number of 
saccades in each bin. There were no empty bins. 

3.5. MRI data analysis 

All data were preprocessed using SPM 12 (Wellcome Department of 
Cognitive Neurology, London, U.K.) and Matlab R2015b (MathWorks®, 
The MathWorksInc., Natick, MA, USA). The fMRI data of each partici-
pant (six blocks) were analyzed as one experiment with six separate 

sessions. The first two functional images from each session were dis-
carded. First of all, the images of each session were motion corrected to 
the first functional image of the first session and a mean image was 
created. This mean image was then used as the reference image for the 
co-registration of the anatomical scans. The anatomical image was then 
segmented using six tissue maps and normalized to generate forward 
deformation fields for normalization. These deformation fields were 
then used to normalize the realigned functional data, with a voxel size of 
2 × 2 × 2 mm. Finally, the normalized images were smoothed using a 6 
mm FWHM Gaussian kernel. Statistical analyses were conducted on the 
basis of the general linear model as implemented in SPM 12. For all 
analyses, only correctly answered trials were considered. 

To compare activation differences between targets and fixation-rank 
matched distractors, as well as the influence of a target’s fixation rank, 
we conducted an fMRI analysis based on the onset of the fixations. We 
estimated a model with six regressors for the target and fixation rank 
matched distractor fixations in the 1-T, 2-T and 3-T condition, respec-
tively. The canonical form of the hemodynamic response function was 
used. The duration was set to 0. Fixation duration and fixation rank were 
also entered into the analysis as regressors. 

To isolate correlates of working memory from the immediate effects 
of multiple target fixations, we conducted a second analysis. We sepa-
rated the sustained activation (based on the onsets and durations of the 
search trials) from the transient activation elicited by the target fixations 
(Petersen and Dubis, 2012; Visscher et al., 2003). We estimated a model 
with 4 regressors capturing the sustained activity of the trial (0-T, 1-T, 
2-T and 3-T conditions, variable durations = response time of the 
trial) and 3 regressors for the transient activity due to the target fixations 
in the 3 conditions with targets (1-T, 2-T and 3-T conditions, duration =
0). The canonical form of the hemodynamic response function was used 
for modeling. 

For both analyses, a high-pass filter (cut-off frequency: 1/120 Hz) 
was used to remove low frequency drifts. The six motion parameters 
from the realignment procedure per block were additionally entered per 
run as regressors of no interest. No global normalization was used. The 
contrast images calculated for individual subjects were entered into a 
second level or random effects analysis (Friston et al., 1999). The 
resultant statistical parameter maps were thresholded using an initial 
uncorrected p-value threshold of less than 0.001, reporting only clusters 
that had an FWE corrected p-value on cluster-level of less than 0.05. We 
used the automatic anatomic labeling (aal) toolbox (Tzourio-Mazoyer 
et al., 2002) to label the activation peaks. We also extracted the acti-
vation per condition and the time course of the BOLD response averaged 
over all activated voxels of the selected ROIs to illustrate the results from 
the whole brain analyses. In all ROI-analyses, contrast values were 
extracted per subject and condition using the Marsbar toolbox 
(http://marsbar.sourceforge.net). Contrast values are a measure of ef-
fect size and are related but not equivalent to percent signal change. 

4. Results 

4.1. Error rates and response times 

5.34% of the trials from the 20 remaining subjects had to be excluded 
due to errors, and only data from correct trials were analyzed further. 
Error rates and response times (RTs) were analyzed using one-way 
ANOVAs with the within-subjects factor target condition (0-T to 3-T). 
Error rates increased with the number of targets present in the 
display, F(3, 57) = 8.49, p < 0.001, ηp

2 = 0.31 (see Table 1). Pairwise 
comparisons (Newman-Keuls post-hoc tests) between mean error rates 
for each pair of target conditions indicated that only the 0-T condition 
produced significantly fewer errors than the others (ps < 0.05). This is a 
standard result in visual search caused by the fact that participants are 
more likely to miss a target than to falsely report one (see, e.g. Ward and 
McClelland, 1989). Mean RT increased from the 0-T, 1-T and 2-T con-
ditions (7409 ms; 7672 ms; 7962 ms, respectively), but decreased to 
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6699 ms in the 3-T condition (self-terminating search, see Table 1). 
These differences were reliable overall, as the same pattern of RTs was 
observed for nearly every participant: F(3, 57) = 47.93, p < 0.001, ηp

2 =

0.72. Pairwise comparisons (Newman-Keuls post-hoc tests) between RTs 
for each pair of target conditions showed that all conditions were 
significantly different from each other (ps < 0.05). 

4.2. Eye movements 

We averaged the number of fixations over the correct trials for each 
target condition (see Table 1). There was a significant difference in the 
number of fixations (F(3, 57) = 51.89, p < 0.001, ηp

2 = 0.73). Pairwise 
comparisons (Newman-Keuls post-hoc tests) between the number of 
fixations for each pair of target conditions revealed that the number of 
fixations in the 3-T condition was lower than in the other three condi-
tions (ps < 0.001). Other differences were not significant. The increase 
in RT from the 0-T to the 2-T condition is therefore not due to an increase 
in the number of fixations. 

In serial visual search, participants are expected to find the first 
target earlier in displays with more targets. We analyzed the number of 
distractor fixations that occurred prior to the fixation of the first target in 
the 1-T, 2-T, and 3-T conditions. This number decreased significantly as 
the number of targets increased (F(2, 38) = 161.6, p < 0.001, ηp

2 = 0.89); 
see Table 1. All pairwise differences (Newman-Keuls post-hoc tests) 
between the three conditions were significant (ps < 0.001). 

Next, we analyzed fixation durations. For the fixation-based event- 
related fMRI analysis we had selected distractors that were fixation rank 
matched to the targets. We therefore carried out the following analyses 
for all fixation rank matched target and distractor fixations. First we 
investigated the differences between target and distractor fixation du-
rations with a two-way ANOVA with the within-subjects factors target 
condition (1-T, 2-T, and 3-T) and item type (distractor and target). The 
analysis showed that target fixations lasted significantly longer (369 ms) 
than distractor fixations (295 ms), which was reflected in a main effect 
of item type (F(1, 19) = 84.94, p < 0.001, ηp

2 = 0.82); see Table 2. The 
increase in RT from the 0-T to the 2-T condition might be in part due to 
the longer fixation durations for targets. There were no significant dif-
ferences in fixation durations between any of the target conditions (F 
(2,38) = 1.39, p = 0.262) and no significant interaction (F(2, 38) = 1.26, 
p = 0.296). 

We also analyzed the characteristics of the saccades preceding and 
following a target or distractor fixation to ensure that differences be-
tween targets and distractors are not due to differences in saccade pro-
gramming. First, we analyzed the amplitude of the saccade preceding a 

target or matched distractor fixation. We calculated a two factorial 
ANOVA with the within-subjects factors target condition (1-T, 2-T, and 
3-T) and item type (distractor and target). The incoming saccade 
amplitude was longer in the 1-T condition, which was reflected in a 
significant effect of target condition: 3.49◦ (1-T) vs. 3.34◦ (2-T) and 
3.33◦ (3-T) (F(2, 38) = 8.08, p = 0.001, ηp

2 = 0.30). Importantly, there 
was no significant effect of item type (F(1, 19) = 0.29, p = 0.597) and no 
significant interaction (F(2, 38) = 0.16, p = 0.856). 

Second, we conducted a similar analysis for the amplitude of the 
saccade following a target or fixation rank matched distractor fixation. 
These saccade amplitudes did not differ between targets and distractors 
(non-significant main effect of item type: F(1, 19) = 2.17, p = 0.157) and 
not between the target conditions (F(2, 38) = 0.55, p = 0.580). There 
was a significant interaction (F(2, 38) = 3.93, p = 0.028, ηp

2 = 0.17). The 
moderate size of the average saccade amplitudes indicates a scanning 
pattern that is compatible with the performance of an ideal (Bayesian) 
observer constrained by limited peripheral vision mixing predom-
inantely short saccades with occasional long ones (Najemnik and Geis-
ler, 2005). 

Third, we sorted saccade directions of the saccades following a target 
or matched distractor fixation into 12 adjacent bins. A visual inspection 
of the frequency distribution across bins showed that saccades in the 
direction of the horizontal and vertical main axes were prevalent rela-
tive to more diagonally oriented saccades. Accordingly, a 2 (item type) 
× 12 (binned saccade direction) ANOVA for frequencies of saccade di-
rections following a fixation produced a main effect of direction F(11, 
209) = 20.16, p < 0.001, ηp

2 = 0.51. There was neither a main effect of 
item type (F(1, 19) < 1), nor an interaction between item type and 
saccade direction (F(11, 209) = 1.54, p = 0.120). This result was ex-
pected for grid-like letter displays such as ours. These displays induce 
stereotypical eye movements that resemble text reading (Gilchrist and 
Harvey, 2000). 

4.3. Imaging data 

We first investigated the activation elicited by the targets compared 
to distractors, by comparing the activation elicited by fixations on tar-
gets (T) with the activation related to fixations on fixation rank matched 
distractors (D). For the first analysis, we considered only targets and 
fixation rank matched distractors of the 1-T condition. In this contrast, 
two events are compared, the target fixation and a distractor taken from 
a different trial with the same fixation rank. This ensures that the target 
fixation is comparable to the distractor fixation with regard to its rank in 
the temporal sequence of fixations. We did not compare targets and 
distractors from two different conditions in this analysis (e.g., targets 
from the 1-T condition with fixation rank matched distractors from the 
0-T condition) because we wanted to capture activation due to the exact 
time point of target fixations, rather than longer lasting activation dif-
ferences between conditions. The fixation rank matched distractors in 
the 1-T condition would precede or follow a target fixation in the same 
trial. The contrast we calculated is therefore related to the activation 
difference between events which were either temporally contingent 
with the target fixation or not. In the fixation-based event-related 
analysis, we found stronger activations for targets than distractors (T >
D) in the inferior occipital and superior parietal cortex. A large cluster 
covering the occipital, superior parietal and frontal cortex included the 
supplementary motor area (SMA), the precuneus, the bilateral IPS and 
superior frontal gyrus. Additional activations were observed in the right 
insula, the right paracentral lobule, and the right inferior frontal gyrus 
(Table 3, also Fig. 2a). No significant activations were obtained in the 
reverse contrast (D > T). To investigate whether the activation pattern 
elicited by targets and fixation rank matched distractors was similar in 
the 2-T condition, we conducted a conjunction analysis of these two 
conditions. We did not include the 3-T condition in this analysis, as this 
search is self-terminated. Common activations were observed, among 
others, in the visual cortex, the SMA, as well as in the right superior and 

Table 1 
Mean Behavioural Measures (and respective SDs) of Subject Performance.  

Target 
Condition 

Error 
rate (%) 

Response 
time (ms) 

Number of 
fixations 

Number of fixations 
before first target 

0 target 0.43 
(1.05) 

7409 (1049) 21.22 (2.19) – 

1 target 4.59 
(3.63) 

7672 (1006) 21.27 (1.67) 10.77 (1.01) 

2 targets 7.85 
(8.32) 

7962 (1033) 21.71 (2.17) 7.62 (1.01) 

3 targets 8.38 
(8.63) 

6699 (894) 18.07 (1.19) 5.77 (0.72)  

Table 2 
Mean Fixation Duration and Saccade Amplitudes (and respective SDs) for Tar-
gets and Distractors.  

Item Type Fixation 
Duration (ms) 

Preceding Saccade 
Amplitude (deg v.a.) 

Following Saccade 
Amplitude (deg v.a.) 

Distractor 295 (42) 3.40◦ (0.57◦) 3.33◦ (0.54◦) 
Target 369 (62) 3.37◦ (0.49◦) 3.26◦ (0.54◦)  
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inferior frontal gyrus (Fig. 2b). To illustrate and compare the activation 
of all three conditions with targets, we averaged the activation in the 
two largest activated clusters of the conjunction contrast, with their 
activation peaks in the calcarine sulcus and the SMA (Fig. 2c). The re-
sults showed that targets elicited stronger activation than distractors in 
all three conditions with targets. The activation for target and distractor 
fixations decreased with the number of targets in the display, which is 
most probably due to a reduced detectability of the BOLD response 
elicited by multiple target fixations in close succession. We also analyzed 
the time course of activation for targets and distractors in the two above- 
mentioned clusters for the 1-T condition only across a period of 15 s 
(Fig. 2d). The results show a greater BOLD response (percent signal 
change) for targets as compared to distractors. 

In the next step, we investigated whether there was a difference 
between targets that were fixated earlier or later in the search. A target 
might become more salient or more surprising the more distractors have 
been processed during search. We therefore analyzed whether the fix-
ation rank of the target modulated brain activation. The regressor fix-
ation rank was entered into the analysis to account for the position of the 
target in the temporal sequence of fixations. To exclude the influence of 
other earlier found targets, we investigated the influence of the fixation 
rank of the target in the 1-T condition only. The fixation rank of the 
target ranged between 1 and 35 (mean = 10.76; SD = 1.01) in this 
condition. We found two clusters in the left inferior frontal cortex and 
the left supramarginal gyrus that showed an increase in activation with 
increasing fixation rank of the target (Fig. 3a). In the reverse contrast 
(activation decreasing with target fixation rank), we found four signif-
icant clusters in the left lingual gyrus, the right superior occipital gyrus, 
and in the superior parietal lobule, bilaterally (Table 4). No significantly 
positive correlation between activation and fixation rank was observed 
for the fixation-rank matched distractors. We illustrated the effect sizes 
for targets and distractors in the 1-T condition with an ROI analysis of all 
clusters that showed significant correlations for target fixation rank 
(Fig. 3b). To investigate differences between targets and distractors we 
calculated a repeated measures ANOVA with the factors ROI (6 ROIs) 
and regressor type (T, D) over the effect sizes. Regressor effects were 
significantly greater for targets than for distractors in the left supra-
marginal gyrus (p = 0.002, Newman-Keuls post-hoc test), which was 
also reflected in a significant interaction between ROI and regressor type 

(F(5,95) = 3.22, p = 0.010, ηp
2 = 0.14), as well as a significant main effect 

for ROI (F(5,95) = 18.86, p = 0.000, ηp
2 = 0.50). There were no signif-

icant differences between targets and distractors in the other five ROIs. 
We had also added the fixation duration as a regressor into the 

fixation-based analysis. We did not find any significant activations 
positively or negatively correlated with the fixation duration for targets 
or distractors in all three target conditions (1-T, 2-T, und 3-T). 

Finally, to identify activity related to working memory for targets, 
we investigated differences between the three exhaustive search con-
ditions (0-T, 1-T, and 2-T). We used a trial-based analysis differentiating 
between transient and sustained brain activity. We were interested in 
the sustained activation elicited by the trial as a whole and controlled for 
the transient activation elicited by the individual target fixations. To 
investigate a possible effect of increasing memory load, we used a 
parametric contrast for trials of the 0-T, 1-T, and 2-T conditions. We did 
not include the 3-T condition in this contrast because the 3-T condition is 
a self-terminating search. We observed activations increasing with 
working memory load in the left rolandic operculum, the right supra-
marginal gyrus, and the right cerebellum (Table 5, Fig. 4a). The ROI- 
analysis of the three clusters for all four conditions showed that acti-
vation increased monotonously over the 0-T, 1-T and 2-T condition 
(Fig. 4b). 

5. Discussion 

We investigated characteristics of target processing in a serial visual 
search task with multiple targets. We had two major objectives. First, we 
wanted to investigate the processes occurring at the exact moment at 
which task-relevant information (targets) is processed, in contrast to 
task-irrelevant information (distractors). Second, we investigated the 
effects of memorizing and counting of targets in displays with multiple 
targets. To achieve these objectives we used eye movements as natural 
indicators of attention shifts (overt visual attention). Fixations also 
served as events of interest in the fMRI analysis. We designed displays in 
which targets and distractors were visually identical in peripheral 
vision. Thus, the search process could not be guided by particular fea-
tures of the target. As main results, we found that targets predominantly 
activated the dorsal fronto-parietal attention network more strongly 
than distractors. We also observed a stronger activation of the left 

Table 3 
Brain Areas Activated for Targets Compared to Distractors. Upper Part: 1-T Displays; Lower Part: Conjunction Analysis of Displays with 1 and 2 Targets.  

Hemisphere  X y z k Z  

1-T displays: targets > distractors 
Left Inferior occipital gyrus − 42 − 66 − 10 41205 6.44 
Left Inferior parietal lobule − 30 − 42 42 41205* 5.92 
Left Supplementary motor area − 4 10 52 41205* 5.62 
Right Inferior parietal lobule 32 − 48 50 41205* 5.45 
Left Thalamus − 20 − 28 0 41205* 5.58 
Left Precuneus − 18 − 68 62 41205* 5.53 
Right Supplementary motor area 10 6 72 41205* 5.34 
Right Thalamus 6 − 28 − 4 41205* 5.30 
Left Superior frontal gyrus − 24 0 46 41205* 5.22 
Right Superior frontal gyrus 26 0 56 41205* 5.18 
Right Insula 32 24 4 288 4.93 
Right Paracentral lobule 16 − 32 56 100 4.60 
Right Inferior frontal gyrus 32 30 12 101 4.31  

Conjunction 1-T and 2-T displays: targets > distractors 
Right Calcarine Sulcus 16 − 94 0 10032 5.41 
Left Supplementary motor area − 4 10 52 697 5.16 
Left Hippocampus − 18 − 30 − 2 316 5.08 
Left Precentral gyrus − 46 4 40 953 4.97 
Right Superior frontal gyrus 26 2 54 515 4.74 
Left Insula − 30 20 8 123 4.27 
Left Thalamus 16 − 14 12 109 4.17 
Right Inferior frontal gyrus 42 8 34 132 3.75 

Note. Statistical parameter maps were thresholded with an initial threshold of p < 0.001 uncorrected, reporting only clusters that survived a FWE-corrected p-value <
0.05. Coordinates are reported as given by SPM12 (MNI space). k = cluster size, Z = Z value for the maximally activated voxel of the cluster. *Activation is part of a 
bigger cluster. 
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Fig. 2. a) T > D fixations in 1-T displays, threshold: p < 0.001 uncorrected, showing only clusters with p < 0.05 FWE corrected b) Conjunction analysis: Common 
activations in the T > D contrasts from the 1-T and 2-T displays c) contrast values for targets and distractors in the three conditions with targets (nT: display with n 
targets), SMA supplementary motor area, error bars represent the standard error of the mean d) averaged BOLD timecourses for targets (T) and distractors (D) in the 
1T-display condition. Results are visualized with BrainNet Viewer (http://www.nitrc.org/projects/bnv/) by Xia et al. (2013). 
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supramarginal gyrus for targets with a higher fixation rank. Finally, we 
found activation in frontal and parietal brain areas that increased with 
working memory load (the number of targets in the display). 

First of all, we compared activation elicited by individual target and 
distractor fixations in order to investigate processes in the instant when 
we fixate a target in overt serial visual search compared to fixation of a 
distractor. Although visual search has been investigated in other fMRI 
studies (Donner et al., 2002; Leonards et al., 2000; Kim et al., 2012; 
Müller et al., 2003; Shulman et al., 2003, 2007; Vallesi, 2014) eye 

movements have usually been neglected. To our knowledge there is only 
one other fMRI study with a visual search task that used fixations as 
events of interest (Macaluso and Ogawa, 2018). We found that fixations 
on targets activated a large fronto-parietal network as well as areas in 
the visual cortex more strongly than fixations on distractors. Targets are 
task-relevant and rare events that have to be memorized and counted in 
the multiple target search task as it was used here. 

Increasing attentional demands in visual search tasks involve the 
dorsal attention system more strongly than the ventral attention 
network (Donner et al., 2000, 2002; Müller et al., 2003; Kim et al., 2012; 
Leonards et al., 2000; Fairhall et al., 2009). The activation that we found 
for target processing opposed to distractor processing overlaps widely 
with the dorsal attention system. This stronger activation due to atten-
tional demands in visual search tasks is usually attributed to top-down 
guidance driven by features of the target. Attention is shifted to those 
items preferentially that are similar to the target template because they 
share critical features with the target such as color or orientation. Tar-
gets might activate this network more than distractors because they 
match the target template. 

A similar pattern of results was also observed by Fairhall et al. 
(2009), who compared serial visual search trials allowing for voluntary 
eye movements with trials where participants simply followed a moving 
cue with their eyes that traveled along a previously recorded scan path 
(guided eye movements). Voluntary eye movements during search 
activated areas of the dorsal attention system, whereas guided eye 
movements activated more ventrally located parietal areas. This has 
been interpreted as being due to the goal-directed attention required in 
overt serial visual search tasks, especially searches where peripheral 
information guides the gaze to items that share features with the target. 
In our study, however, this kind of top-down guidance was limited by 
the design of the stimuli and the display. Accordingly, the eye movement 
patterns that we observed were rather stereotypical and followed a 

Fig. 3. a) Fixation based analysis: areas that show positive (orange) and negative (blue) regression effects of the fixation rank of targets in 1T-displays b) fixation 
rank regressor effects for targets and distractors in the six significantly correlated clusters (IFG inferior frontal gyrus, SMG supramarginal gyrus, Ling lingual gyrus, 
SPL superior parietal lobule, SOG superior occipital gyrus). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version 
of this article.) 

Table 4 
Activations Correlating with the Fixation Rank of Targets and Distractors in the 
1-T Condition.  

Hemisphere  X y z k Z  

Positive correlation with fixation rank (T) 
Left Rolandic operculum − 42 − 2 14 124 4.63 
Left Supramarginal gyrus − 56 − 24 24 143 3.80  

Negative correlation with fixation rank (T) 
Left Lingual gyrus − 14 − 88 − 8 1566 4.63 
Right Superior occipital 

gyrus 
22 − 92 16 260 4.60 

Right Superior parietal 
lobule 

24 − 56 58 223 4.13 

Left Superior parietal 
lobule 

− 20 − 68 46 113 3.82  

Positive correlation with fixation rank (D)  
ns.       
Negative correlation with fixation rank (D) 

Left Lingual gyrus − 12 − 86 − 4 83 4.31 

Note. Statistical parameter maps were thresholded with an initial threshold of p 
< 0.001 uncorrected, reporting only clusters that survived a FWE-corrected p- 
value < 0.05. Coordinates are reported as given by SPM12 (MNI space). k =
cluster size, Z = Z value for the maximally activated voxel of the cluster. 
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reading-like scanning pattern. This situation is more similar to the 
condition described by Fairhall et al. as the guided eye movement 
search. Unlike Fairhall, we found that even with reduced peripheral 
information and stereotypical scanning dorsal activation was more 
pronounced at the moment of target detection. We therefore believe that 
the activation of the dorsal attention network for targets indicates pro-
cesses at the moment of detecting the target. We would argue that the 
dorsal activation reflects, at least to some extent, the (positive) match of 
the currently foveated stimulus to the target template held in visual 
short-term memory. 

It is important to focus on fixations as events of interest rather than 
comparing trials with targets to trials without targets. Search times and 
responses in trials with and without targets are typically different and 
consequently, results for such comparisons can be inconclusive. 
Whereas Vallesi (2014) found the fronto-parietal network more acti-
vated when the target was absent or when a salient distractor was pre-
sent together with the target, Madden et al. (2017) as well as Wei et al. 
(2009) found an increase in fronto-parietal brain areas when a target 
was present in a trial compared to trials with distractors only. The 
approach of fixation-based comparisons allowed us to compare brain 
responses from the same condition (1-T) at the instant the target was 
processed compared to distractor fixations. The manual response 
required from the subject was the same in each case and occurred only 
after the search display had been searched exhaustively. Our data might 

therefore speak more directly to the differences between target and 
distractor processing. 

The only other study that used fixations as events of interest in a 
serial visual search task is the study by Macaluso and Ogawa (2018). In 
this study, participants navigated through a virtual environment with 
differently colored and textured cubes and spheres searching for the 
target object (e.g., a green cube with left tilted stripes). When they found 
the target object, they pressed a button. When targets were compared 
with non-salient distractors, activations were obtained in the right 
inferior parietal cortex, an area associated with the ventral attention 
system. The authors interpreted this activation as being related to 
matching the encountered object’s features to the internal target tem-
plate. They also observed an activation of the ventral attention network 
for distractors sharing features with the target (e.g. a green sphere with 
left tilted stripes), also consistent with a role of the ventral attention 
network in template matching. These results only fit partly with the 
activation of the dorsal attention network observed in our study. One 
reason for this discrepancy might be that targets had to be counted in the 
multiple target search used in the present study. 

The activation of the dorsal attention network in our study for target 
fixations as compared to distractor fixations might reflect several pro-
cesses related to goal-directed attention. Targets are not only task- 
relevant, they were also rare. Furthermore, whereas distractors could 
be rejected, the location of the targets had to be memorized in order to 

Table 5 
Activations Correlating with Memory Load (Number of Targets).  

Hemisphere  x y z k Z  

Positive correlation from 0-T to 2-T condition 
Left Rolandic operculum − 44 − 16 20 920 5.37 
Right Cerebellum 22 − 54 − 20 318 4.55 
Right Supramarginal gyrus 42 − 40 36 148 3.85  

Negative correlation from 0-T to 2-T condition 
Left Fusiform gyrus − 24 − 80 − 6 1372 5.15 
Right Middle occipital gyrus 34 − 90 14 322 4.13 

Note. Statistical parameter maps were thresholded with an initial threshold of p < 0.001 uncorrected, reporting only clusters that survived a FWE-corrected p-value <
0.05. Coordinates are reported as given by SPM12 (MNI space). k = cluster size, Z = Z value for the maximally activated voxel of the cluster. 

Fig. 4. a) Trial-based analysis: activation increasing with working memory load (i.e., the number of targets in the display) b) contrast values for all 4 conditions 
(SMG supramarginal gyrus, RO rolandic operculum). 
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indicate the correct number of targets contained in the display. It is 
possible that all these aspects of the task contributed to the activation of 
the dorsal attention network in our study. Future studies should further 
scrutinize which of these activations related to targets are truly due to 
the target’s task relevance. 

One could relate our comparison between rare target fixations and 
frequent distractor fixations to oddball studies. When targets were 
compared to distractors in overt visual search tasks during an EEG 
measurement, a P3-like component is observed (Brouwer et al., 2013, 
2017; Hiebel et al., 2018; Kaunitz et al., 2014; Körner et al., 2014). The 
P3 is a positive-going component approximately 300 ms after stimulus 
onset (for reviews, see, Donchin and Coles, 1988; Polich, 2007). 
Although encountering a target among distractors bears some resem-
blance to oddball tasks, the P3 elicited by targets during visual search 
has a different topography and other temporal characteristics than the 
P3 elicited by oddball stimuli (Kaunitz et al., 2014). It can therefore be 
expected that the fMRI results for targets compared to distractors are 
different from the fMRI results for oddball stimuli. fMRI results for 
oddball effects indicate that multiple brain areas contribute to the 
generation of the P3, predominantly in a widespread network of 
fronto-parietal areas, as well as in sensory areas (Kiehl et al., 2005). In a 
meta-analysis of 75 oddball studies, Kim (2014) related the brain acti-
vation elicited by oddballs to the model of attentional control by Cor-
betta and Shulman (2002). Kim found that the ventral network rather 
than the dorsal network was more active for oddball stimuli compared to 
standards. The stronger activation in the dorsal attention network 
observed here might be related to the greater top-down control involved 
in target processing in the overt serial visual task employed here. 

The fixation-based event-related analysis also made it possible to 
calculate correlations between brain activation and fixation rank. Tar-
gets with a higher fixation rank are found later in the search and might 
be perceived as rarer than targets encountered earlier. We found an area 
in the left supramarginal gyrus to be more activated for targets later in 
the search path. These results can again be compared at least partly to 
oddball tasks when more distractors enter between targets or more time 
elapses before a target is encountered. In oddball experiments, the 
amplitude of the P3 was found to depend on the target to target interval 
(TTI, Gonsalvez and Polich, 2002) as well as on target probability 
(Duncan-Johnson and Donchin, 1977; Squires et al., 1977). Stevens et al. 
(2005) used fMRI to investigate the influence of longer TTIs on brain 
activation for targets in a large auditory oddball study with one hundred 
participants. They used a three stimulus paradigm (targets, distractors 
and novel stimuli) and found activation in several brain areas to increase 
with longer TTIs. They found activation increases in the anterior 
cingulate cortex, the prefrontal cortex, and the TPJ, among others. The 
TPJ is a region that also comprises the supramarginal gyrus. This acti-
vation increase seemed to be specific for targets as the authors did not 
observe any activation correlating positively for novel to novel intervals. 
In EEG research, TTI effects on P3 amplitude were interpreted as a 
restoration of the working memory template of the target after temporal 
degradation (Gonsalvez and Polich, 2002). The additional activation in 
the left inferior frontal gyrus observed in the present study (see Fig. 3a) 
can be related to working memory (Wager and Smith, 2003), and may 
represent restoration of the target template. The activation of the TPJ 
can be related to attentional processes with respect to contextual 
updating (Geng and Vossel, 2013). Activation did not correlate posi-
tively with the fixation rank of the distractor, indicating that the cor-
relations of activation with fixation rank observed in the present study 
were specific for targets. 

Our second objective was the investigation of working memory 
correlates by comparing the different target conditions. We found acti-
vation in the left rolandic operculum, the right supramarginal gyrus and 
the cerebellum that increased with working memory load (the number 
of targets in the display). In the multiple target search task used here, 
working memory was increasingly taxed with a greater number of tar-
gets in the display (Gibson et al., 2000; Körner and Gilchrist, 2008). 

Different from a simple target present or absent search, in multiple 
target search, target locations have to be tagged and remembered in 
order to avoid revisiting old targets and miscounting the total number of 
targets. The low error rate in the present experiment (5.34% overall) 
indicates that participants remembered previously visited targets well. 
Lesion studies suggest that the supramarginal gyrus and the inferior 
frontal gyrus play a crucial role in verbal working memory (for a review, 
see, Vallar and Papagno, 2002). In the working memory model by 
Baddeley (2003), the inferior parietal lobe hosts the phonological 
short-term store whereas the left inferior frontal gyrus is assumed to 
serve as the phonological output buffer. Cerebellar involvement has 
been reported in several studies investigating working memory and has 
been related, among others, to articulatory rehearsal (for a review, see, 
Ben-Yehudah et al., 2007). To correctly remember the number of tar-
gets, however, their spatial locations also had to be remembered. We 
had, therefore, expected to see also correlates of visual working mem-
ory. Visual working memory can be located in dorsal frontal and parietal 
areas (for a review, see, Ungerleider et al., 1998). We lowered the 
threshold to p < 0.005 uncorrected, reporting only clusters that survived 
FWE-correction on cluster-level with p < 0.05. Additional activations 
were observed in the right precuneus (8, − 66, 48, k = 787, Z = 4.15) and 
the right insula (40, − 6, 6, k = 350, Z = 4.51). A study by Raabe et al. 
(2013), for example, showed that the activation within the precuneus 
and the anterior insula, among others, was associated with spatial 
working memory load. An activation of both areas, among others, was 
also found in a meta-analysis of delayed match to sample tasks (Daniel 
et al., 2016). These results suggest that verbal and visual working 
memory are both taxed in the multiple target search task used here. It 
could be argued that the activation differences between the different 
target conditions observed in the present study are also due to the 
accumulated attention related activation of a greater number of targets. 
However, two arguments speak against this interpretation. First, we had 
used an analysis where the transient activation due to targets was 
regressed out. Second, the attention related activation due to additional 
targets did not seem to accumulate (see Fig. 2C). 

On a methodological note, in the fixation-based analysis, we 
compared target fixations to fixations on distractors that had the same 
fixation rank as the target in other trials of the 1-T condition. By 
choosing distractors with the same fixation rank we wanted to ensure 
that both events were comparable with regard to their position in the 
temporal sequence of fixations. With the analysis of different events 
within the 1-T condition we wanted to compare a BOLD model based on 
the target event onsets with a BOLD model based on event onsets which 
were not temporally contingent with the target fixation (fixation rank 
matched distractors). Our results prove the feasibility and sensitivity of 
an analysis based on eye movements as events of interest. Taking our 
results at face value suggests a higher temporal resolution than is 
actually warranted by the measurement accuracy. The results of the 
fixation-based analysis should not be understood as a possibility to 
pinpoint the exact time point of the target fixation in a single trial. 
Fixation-based event-related analysis can only exploit the regular tem-
poral match between the data model specified and the brain activation 
elicited by the target fixations. Our results demonstrate that brain acti-
vation tied to a specific event within a trial can be reliably traced, 
despite the sluggishness of the BOLD response. 

To conclude, we were able to show the feasibility of an analysis based 
on individual fixations as events of interest in a visual search task. The 
fixation-based event-related analysis made it possible to investigate 
target compared to distractor processing in visual search. We found that 
target fixations activated the dorsal attention network more strongly 
than distractor fixations, indicating the important role of goal-oriented 
attention in processing targets. We also found that the target’s rarity 
(its position in the temporal sequence of fixations) activated predomi-
nantly the ventral attention system. Furthermore, we found neural evi-
dence that verbal as well as visual working memory are involved in 
multiple target search. These results suggest that the investigation of 
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visual search tasks with eye movements as events of interest can yield 
important insights about the neural correlates of human search 
behavior. 
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Target probability modulates fixation-related potentials in visual search. Biol. 
Psychol. 138, 199–210. 
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