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a b s t r a c t

When young adults carry out visual search, distractors that are semantically related, rather than unre-
lated, to targets can disrupt target selection (see Belke, Humphreys, Watson, Meyer, & Telling, 2008;
Moores, Laiti, & Chelazzi, 2003). This effect is apparent on the first eye movements in search, suggesting
that attention is sometimes captured by related distractors. Here we assessed effects of semantically
related distractors on search in patients with frontal-lobe lesions and compared them to the effects in
age-matched controls. Compared with the controls, the patients were less likely to make a first saccade
to the target and they were more likely to saccade to distractors (whether related or unrelated to the tar-
get). This suggests a deficit in a first stage of selecting a potential target for attention. In addition, the
patients made more errors by responding to semantically related distractors on target-absent trials. This
indicates a problem at a second stage of target verification, after items have been attended. The data sug-
gest that frontal lobe damage disrupts both the ability to use peripheral information to guide attention,
and the ability to keep separate the target of search from the related items, on occasions when related
items achieve selection.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

In visual search tasks participants are asked to decide whether
a pre-specified target is present on the screen. Many theories as-
sume that search is guided to a target by an ‘‘attentional tem-
plate” held in working memory. Evidence for such a template
comes from a number of sources. Chelazzi, Miller, Duncan, and
Desimone (1993) trained monkeys to make a saccade to an item
in a search display that matched a stimulus held in working mem-
ory (using a match to sample task). They found that cells in the
inferior temporal lobe responding to the cued item maintained
their activity during the interval between the cue and the search
display, with the cells showing an enhanced rise in activation
when the cued item re-appeared in the search display. Chelazzi
et al. proposed that the activity maintained during the interval be-
tween the cue and the display represented a template that biased
activity in earlier cortical regions to favor features consistent with
the target.

Evidence for effects of top-down guidance on human search
comes from a number of sources. For example, several investiga-
tors have reported asymmetries in visual search, with search tasks
ll rights reserved.
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varying in difficulty according to which item is the search target
and which is the distractor (e.g., a large target versus small distrac-
tors generates efficient search, whereas a small target amongst
large distractors generates inefficient search; Wolfe (1998)).
Hodsoll and Humphreys (2001) showed that this search asymme-
try was modulated by fore-knowledge of the target: the asymme-
try was larger when participants knew what they were searching
for relative to when they searched for a target that was the odd
one out (see also Hodsoll & Humphreys (2005), for similar evidence
from orientation search asymmetries). Hodsoll and Humphreys
proposed that the search asymmetry was partially dependent on
the match between the stimulus and the search template (some
stimuli are matched more quickly than others) and not just on
bottom-up differences between the stimuli.

Moores et al. (2003) provided other evidence for a template by
assessing the effects of semantic distractors on search. They asked
participants to search for a familiar target object (e.g., motorbike)
and, on some trials, presented semantic distractors in the display
(e.g., motorbike helmet). They found that reaction times were slo-
wed on trials when semantic distractors were present. On target-
absent trials in particular, the first eye movement tended to go
to the semantically related distractor rather than to unrelated dis-
tractors. These data suggest that activation of a memory template
for a target also excites the re-presentations of related items,
which can then guide search to matching (but in this case, distrac-
tor) stimuli. In the present paper, we use data from patients with
frontal-lobe lesions to probe-apart the different processes involved
in guiding search to targets. In particular, using the procedure of
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Moores et al. (2003) we examine whether, in addition to any
effects of related distractors on the initial stages of selection, there
are effects at later stages in which any selected stimuli are com-
pared with target-related templates. At what stage(s) can semantic
information about the stimuli be accessed to influence target selec-
tion and how is this affected by damage to the frontal lobes? We
present data suggesting that although there are effects of target-
distractor relatedness at both stages and across patient and control
groups, frontal lobe damage alters: (i) the initial gathering of
peripheral information that guides the first stages of target selec-
tion (which is independent of target-distractor relatedness) and
(ii) the later process of target identification following the orienting
of attention to a stimulus (which is affected by target-distractor
relatedness).
2. Effects of frontal lobe damage on search

Adequate functioning of the frontal lobes is necessary for visual
search (De Fockert, Rees, Frith, & Lavie, 2004; for reviews see Corb-
etta & Shulman, 2002; Kanwisher & Wojciulik, 2000). In an fMRI
study of healthy participants, Donner et al. (2000) found that the
frontal eye fields (FEF) showed increased activation during con-
junction search when compared to feature search. FEF activation
was linked to the selection of search targets. The necessary
involvement of the FEFs in search is supported by results using
rTMS. Muggleton, Juan, Cowey, and Walsh (2003) found that, com-
pared to a no-stimulation baseline, TMS over the FEF led to more
false positive errors during conjunction search. No differences
were found between the TMS and no TMS conditions for a feature
search task, and intermediate differences in error rates occurred for
an interleaved feature search task where target and distractor
items varied across trials. It was concluded that the FEFs were nec-
essarily involved in visual search, playing a particularly strong role
when the target was not very salient.

The control of visual search is not restricted to the FEF, however.
A wider requirement of the frontal lobes has been implicated in
singleton search using fMRI and in experiments examining the
interplay between visual selection and working memory. In their
fMRI experiment, Lavie and de Fockert (2006) found evidence for
increased dorsolateral frontal activity during search for a target
in the presence (relative to the absence) of an irrelevant singleton
distractor. They linked frontal lobe involvement to the requirement
to suppress the salient distractor. Converging evidence comes from
neuropsychological studies. Kumada and Hayashi (2006) studied a
patient with frontal–temporal lobe brain damage, YW, and com-
pared his results to normal controls. Participants either searched
for a color or orientation-defined target amongst non-targets (no
singleton condition) or for targets in the presence of a singleton
distractor (differing in color or orientation from the other items
present). YW’s search RTs increased abnormally for the singleton
compared to the no singleton condition. Kumada and Hayashi
argued that YW’s ability to select the target over the singleton
was impaired due to poor top-down ‘weighting’ of the stimulus
properties defining the target. Under these conditions singleton
distractors competed strongly with targets and sometimes won
the competition for selection.

Zihl and Hebel (1997) also reported problems in the planning of
scan paths across dot patterns in patients with frontal damage and
linked this to a working memory deficit. Problems in task control
based on the active maintenance of working memory re-presenta-
tions could impact on search in various ways. For example, there
might be less top-down control from a template of a target held
in working memory, or there may be an impaired re-presentation
of previously inspected locations so that search becomes more
generally disorganized.
However, the requirement of frontal lobe functioning for com-
petent search has not been observed universally. For example,
Humphreys, Hodsoll, and Riddoch (2009) reported no difference
between patients with frontal-lobe lesions and age-matched con-
trols when search slopes were examined for feature and conjunc-
tion search tasks. They used brief presentation conditions, where
working memory load may be reduced. The data suggest that
search can be relatively normal when working memory is not
loaded (see also Walker, Husain, Hodgson, Harrison, & Kennard,
1998).

The relation between WM and visual search through small ar-
rays was examined by Soto, Humphreys, and Heinke (2006). They
found increased effects of irrelevant objects held in working mem-
ory on search in frontal patients compared with age-matched con-
trols. They had participants hold an item in memory prior to
carrying out a search task. The search task required participants
to point to a tilted line target amongst vertical line distractors,
and an irrelevant shape surrounded each line. Control participants
were slowed in initiating saccades to the target when the memory
item re-appeared surrounding a distractor in the search display,
and the likelihood that the first saccade went to the target, rather
than the distractor was also reduced. Soto et al. reported that these
effects were equivalent in frontal patients and controls, indicating
that the influence of the working memory on the initial stages of
selection was relatively normal. Nevertheless, the patients made
more errors when the memory item re-appeared around a distrac-
tor, and they were then slower to point to the target, when com-
pared to the controls. This last mentioned result suggests that
frontal lobe damage affected the ease of disengaging attention
from a distractor, once it was selected. Soto et al. proposed that
frontal patients had difficulty maintaining separate the template
for the target from other information held in working memory.
The patients were thus confused about whether they should re-
spond to a selected item, even if it was a distractor.

Quite similar results to this, but based on the presence of new
related distractors rather than the re-presentation of items from
working memory, were reported by Belke et al. (2008). They had
healthy participants hold a working memory load prior to search-
ing for a target and examined the effects on search of presenting a
related distractor in the search display (cf. Moores et al., 2003).
Though effects on the initial saccades in search were unaffected
by cognitive load, participants were delayed in responding due to
the time taken to reject related distractors that were selected. To
the extent that the working memory task made a demand on fron-
tal lobe structures (Lavie & De Fockert, 2006), these results point to
the role of the frontal lobes in rejecting distractors once they are
selected. This was tested more formally here, when we examined
the effects of new, related distractors on search in frontal patients
and age-matched controls. Following the results of Soto et al.
(2006) we predicted that: (i) effects of the semantic distractor on
the initial selection of stimuli should be unaffected by the lesion,
and (ii) there should be impaired disengagement from a semanti-
cally related distractor, once selected. Thus the patients should
not differ from age-matched controls on first fixation behavior,
but reactions may be slower, fixation durations longer and more
errors may arise when the patients make an orienting response
to semantic distractors.

3. Materials and methods

3.1. Participants

The patient group comprised of nine right-handed patients with
a range of lesions, but all including damage to the frontal cortex
(see Fig. 1 and Table 1). There were four patients with unilateral
right hemisphere damage (JQ, AS, TT and PW), and two with unilat-



GA

PH

PW

TT

Medial and Bilateral

SP

JQ

FK

Left lesion (shown on left)

Right lesion (shown on left)

Lateral

AS

DS

Right lesion (shown on left)Left lesion (shown on left)

Fig. 1. Lesion reconstructions for the patients from their MRI scan. Lesions have been drawn onto standard slices from Gado, Hanaway, and Frank (1979). The bottom right
figure shows the 10 slices used. Only slices 3–8 are depicted here.
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eral left hemisphere damage (PH and DS).1 In these cases, damage
was to lateral areas of frontal cortex. There were also three patients
with bilateral medial frontal damage (GA, FK and SP). In seven pa-
tients, the damage extended to and included the temporal lobes
(the exceptions being DS and TT). The patients were between 32
and 73 years old (mean age 57, SD 15.2, all males).2 All patients
had normal or corrected-to-normal vision. All patients gave their
informed consent prior to taking part in the study.

The age-matched control group comprised of nine adults,
matched according to the age of the patients tested (mean age
57, SD 16.6, two female). Two were postgraduate students from
the University of Birmingham, who participated in return for pay-
1 There are several findings with frontal lobe patients (e.g., Thompson-Schill et al.,
1998) which show that participants with left lateral lesions have particular problems
in selecting appropriate responses from competing semantic alternatives. Unfortu-
nately, due to the small numbers of patients in our unilateral left and right frontal
sub-groups reliable comparisons could not be made. Nevertheless we note that any
effects of semantic relatedness were inconsistent across the different measures we
derived. For example, the left hemisphere patients did tend to show a stronger effect
of relatedness than the right hemisphere patients on false alarms when targets were
absent (a 5% increase in errors for left hemisphere patients compared with a 2%
increase for right hemisphere patients, on related relative to unrelated trials). This is
consistent with the left frontal region being required to select between semantically
related items and with this process being impaired in the left hemisphere lesioned
patients. On the other hand, the left hemisphere patients also showed increased first
gazes to targets when a related distractor was present (an increase of 10% compared
with the unrelated distractor baseline), while right hemisphere patients made fewer
first gazes to targets in the related compared with the unrelated condition (a decrease
of 8%). This inconsistent pattern makes it unlikely that that the interference effects
were carried by the left hemisphere patients. Indeed, our further sub-analysis
indicated greatest disruption in patients with medial frontal lesions, not the left
lateral lesions noted by Thompson-Schill et al. (see the Section 5).

2 Age and visual search. The patients and age-matched controls were predomi-
nantly from the older adult age group, with two younger adults, creating a large age
range overall. Effects of age on the relatedness effects were examined across different
age groups in Telling (2009). The only significant difference in the effects of the
related distractor across different age groups was that young adults showed a slightly
greater effect of semantic relatedness on their error rates compared with older adults
(effect size 1%; p = 0.008).
ment in cash or course credits. These were both male and aged 28
and 33 years (approximating the ages of patients PH and FK). The
remaining seven participants were older adults from the West
Midlands, who volunteered and were paid for their time. These
were aged between 51 and 73 (approximating the ages of the
remaining patients GA, SP, JQ, TT, AS, DS and PW). All controls
had reported themselves to be in good health, with no known neu-
rological conditions. They were native British English speakers and
were tested for 20/20 normal or corrected vision. The handedness
of the participants was not recorded. All participants gave their in-
formed consent prior to taking part in the study.

All of the patients either showed aspects of dysexecutive syn-
drome (e.g., scoring outside of the control range on the Brixton
and Hayling tests of executive function, or performing poorly un-
der dual task conditions (e.g., visual search with a memory load);
see Table 1). There were three patients (GA, FK and SP) with a vi-
sual recognition problem that was apparent for animate but not
for inanimate stimuli (note the scores for these patients for the
Pyramids and Palm trees test of recognition; see also Humphreys
and Forde (2005), Humphreys and Riddoch (2003), for studies of
object recognition in these patients). However, only two target
items were drawn from an animate category and both of these
were stimuli that the patients had no difficulty in recognizing (bird
and hand). The results should not be confounded by a category-
specific recognition deficit.

3.2. Stimuli

The visual search display contained four objects, positioned at
12, 3, 6 and 9 o’clock on the visual array and at a distance of 7.4�
of visual angle (170 pixels) from the midpoint of the screen. All pic-
tures were selected from Snodgrass and Vanderwart (1980) and a
picture gallery provided by the Max-Planck-Institute for Psycholin-
guistics, Nijmegen (NL). All stimuli were black and presented on a
white background. The stimuli were 100 by 100 pixels, with a hor-
izontal and vertical resolution of 72 dpi, corresponding to 4.6 by



Table 1
Patient list, including lesion site and clinical details.

Patient Sex/age/
handedn.

Years
post
lesion

Main lesion
site – frontal

Etiology Clinical deficit NART IQ
equiv.b

Brixton test
raw scorec

Hayling
testd

Pyramids
and palm
trees visuala

Pyramids
and palm
trees
auditorya

Corsi
blocks

Digit span
F (B)

JQ M/59/R 3 Right frontal
and temporal

Stroke Elements of
dysexecutive
syndrome

115 26 36 50 50 3 5 (3)

AS M/70/R 4 Right middle
frontal gyrus
and medial
temporal cortex

Stroke Impaired sustained
attention, left
extinction,
and impaired
dual task performance

102 26 28 50 50 5 6 (4)

TT M/67/R 2 Right middle
frontal gyrus

Stroke Impaired working
memory and dual
task performance

110 21 32 51 51 4 5 (3)

PW M/73/R 5 Right inferior
and middle
frontal gyri,
right superior
temporal gyrus

Stroke Aspects of
dysexecutive
syndrome

105 27 60 50 49 3 5 (3)

PH M/32/R 5 Left medial
and superior
temporal,
left inferior
and middle
frontal gyri

Stroke Non-fluent aphasia,
deep dyslexia,
impaired verbal
short term memory
and dual task
performance

80 21 34 49 50 2 2 (0)

DS M/72/R 14 Left inferior,
middle and
superior
frontal gyri

Stoke Non-fluent aphasia,
impaired verbal short
term memory, aspects
of dysexecutive
syndrome

105 20 54 48 48 3 4 (4)

GA M/51/R 12 Bilateral medial
and anterior
temporal lobes
extending into
left medial
frontal region

Herpes
simplex
enceph.

Aphasia, amnesia,
category-specific
recognition disorder,
aspects of dysexecutive
syndromea

102 20 66 40 41 4 6 (2)

FK M/37/R 12 Bilateral, superior
and medial frontal
regions; bilateral
superior and medial
temporal gyri,
bilateral
lateral occipital gyri

Anoxia Category-specific
recognition disorder;
dysexecutive
syndromea

112 38 72 36 37 4 5 (4)

SP M/52/R 11 Bilateral damage to
middle and anterior
temporal regions
extending into the
frontal lobes

Herpes
simplex
enceph.

Amnesia,
category-specific
recognition disorder,
aspects of
dysexecutive
syndromea

110 20 48 42 40 5 8 (5)

a FK, GA and SP all had some problems with Pyramids and Palm Trees (Howard & Patterson, 1992), a test of semantic access from words and pictures – and thus some
recognition difficulties.

b The NART (Nelson & Willison, 1991) is a reading test that provides a IQ-related score. PH’s performance on this test was hampered by the presence of a significant reading
deficit (deep dyslexia), which lowered his score. PH was a law graduate. GA and SP both presented with some degree of surface dyslexia (PALPA reading test regular words
both 30/30, irregular words 24 and 25/30 respectively). No other patients had any reading difficulty.

c The Brixton test of executive function (Burgess & Shallice, 1997) provides a measure of non-verbal executive function. A raw score above 26 indicates a clinical
abnormality.

d The Hayling test (Burgess & Shallice, 1997) provides a measure of verbal executive function. The data show converted scores. A score above 18 is abnormal.
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4.6� of visual angle when viewed 60 cm from the monitor. Ran-
domization software was used to create the visual search arrays
(StimulusGenerator, � D.G. Watson), with objects being randomly
assigned to a screen quadrant.

Participants were presented with a target word, e.g., bird, fol-
lowed by a four-object search array. Each of the four objects was
taken from a set of 16 items, 64 in total: a target set, a semantic-
competitor set, a semantic-associate set and an unrelated filler
set (see Appendix). Competitors were drawn from the same-cate-
gory as the target. Synonyms or antonyms were not included.
Associates held either a ‘‘part-whole” (e.g., feather–bird) or ‘‘tool-
object” (e.g., bow–arrow) relationship with the target. The items
were the same as those used by Belke et al. (2008). The pictures
were chosen to minimize visual similarity between the stimuli
and previous ratings with this set of items showed no differences
in visual similarity between related and unrelated pairs (Belke
et al., 2008).

Belke et al. (2008) assessed the associative strength of the tar-
get-distractor pairs in the word-association norms available in
the Edinburgh Association Thesaurus (http://www.eat.rl.ac.uk/;
Kiss, Armstrong, Milroy, & Piper, 1973), which lists the words
(adjectives, nouns and verbs) given as responses to a target in a
word-association task. On average, the names of associative dis-
tractors were mentioned significantly more often in response to
the target words we used in our experiment (23%) compared with
the names of the same-category competitors (3.2%; t(15) = 3.37,

http://www.eat.rl.ac.uk
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p = .004). These normative data are listed in the Appendix. These
items extend the stimuli used by Moores et al. (2003) by enabling
us to examine the effect of categorically-related as well as associa-
tively-related distractors. Experiments using word production and
word perception tasks have reported differing effects between the
two forms of distractor (e.g., Alario, Segui, & Ferrand, 2000; Perea &
Rosa, 2002; Wheeldon & Monsell, 1994). However, Belke et al.
(2008) reported that interference was equally strong between
associates and semantic-competitors, indicating that item-type
did not modulate effects on visual attention here.

In each block, half of the trials were target-present and the
remaining trials were target-absent (where the target was replaced
by a foil randomly chosen from the target set). Two thirds of the
trials had a semantically related distractor present (in addition to
the target or foil). For half of these trials, related distractors were
semantically associated to the target (e.g., feather for the target
bird) and for the other half, the distractors were categorically-re-
lated competitors to the target (e.g., fish). In the remaining third
of trials, no related distractors were present. In this case, the re-
lated associate or competitor was replaced by an unrelated mem-
ber of the associate or competitor set (foil). For example, Fig. 2a
shows a target-present, related distractor trial, with a member of
the competitor set related to the target probe (fish), a member of
the associate set unrelated to the target probe (propeller), the target
(bird) and an additional filler object, which was semantically and
phonologically unrelated to the remaining objects in the display
(pear). Thus, each search display featured a member of the target
set, a member of the associate set, a member of the competitor
set and a member of the filler set.

Preliminary analyzes of the data indicated that there were no
differences between associate and competitor distractors, nor were
there differences between part-whole and tool-object associations.
+
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Fig. 2. (a) An example trial sequence. (b)
This matches the data reported by Belke et al. (2008). Hence these
differences are not highlighted and we use the term semantically re-
lated distractors to refer to all types of semantic relation. There were
thus four primary conditions, as shown in Fig. 2b, with the within-
subjects factors of target status (present or absent) and distractor
condition (semantically related and semantically unrelated).

One search array was produced per item, per condition, per
block. There were 96 trials per block and four blocks in total
(384 trials). Participants were exposed to each object four times
per condition. Two different orientations of the object were used
so that searching was not based on specific local features. Half of
all stimuli in each block were in one orientation and half in the
opposite orientation. In the target-present condition, the search
target was always shown in the same orientation as corresponding
object in the search display. The experimental conditions were pre-
sented in a mixed order across participants.

3.3. Apparatus

The experiment was controlled using a Pentium IV (1.5 GHz) PC.
The stimuli were displayed on a Triniton Multiscan G240 monitor
(1700), with a screen resolution of 600 by 800 pixels. Eye movement
data were processed using an Eyelink SensoriMotoric Instruments
(SMI) v 2.04 head mounted eye-tracker from SR Research Limited.

3.4. Procedure for control participants

The control participants familiarized themselves with a picture
booklet, containing pictures with names written beneath them for
all stimuli used in the experiment. The participants assumed a suit-
able viewing position from the monitor (typically 60 cm) in the
laboratory, which was dimly lit for the duration of the experiment.
+

≤10,000 ms

sent Target Absent

Example displays in each condition.
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The eye-tracker was positioned on the participant’s head, camera
aligned so that one eye was in focus and the system calibrated.
Eye position data were gathered from the right eye.

Each trial began with a fixation cross at the center of the screen.
Participants were asked to look at the cross so that drift correction
could be made, correcting for any change in head position during
the previous trial. The participants managed drift correction them-
selves by pressing a button on their hand-held control pad whilst
looking at the fixation point. Immediately after drift correction,
the target word was presented in the center of the screen for
1000 ms (e.g., ‘‘bird”) followed by a fixation cross for 600 ms. Next,
the search display was presented until the participant responded,
for a maximum duration of 10 s. Participants were asked to search
for the target picture amongst the four pictures on the screen (see
Fig. 2a). They were instructed to respond by pressing the left green
button of a hand-held control pad when the target was present and
the right red button when the target was absent. Upon pressing the
button, the next fixation point appeared (drift) indicating the start
of a new trial. The total time to run the experiment was 60 min,
including 15 min for instruction and calibration and 45 min of test-
ing (with breaks and optional removal of headset in between
blocks included). Following completion of all tasks, participants
were verbally debriefed.

3.5. Procedure for patients

The experimental procedure for the patient group was identical
to that of the age-matched control group, except for the following
additions: (i) Prior to the experiment, the experimenter explained
the task verbally. The patients were also asked to name each of the
pictures in the picture booklet, which had the names written be-
neath. Any incorrect names were corrected verbally by the exper-
imenter so that the patient was aware of the correct name for that
picture. The opportunity to re-name any picture was offered, if the
patient wanted to double-check any of the names. (ii) The experi-
menter managed the patient’s drift control. (iii) The hand-held
control pad was responded to using the left and right colored but-
tons. Whereas most participants responded with a one finger from
their left and one from their right hand, PW responded using his ac-
tive hand only, due to hemiparesis. (iv) The patients carried out
blocks within testing sessions of up to 1 h. Four blocks of data were
gathered for each patient over a number of sessions. (v) To assess
whether the patients could recognize the stimuli, they were shown
all target-distractor pairs of pictures used in the visual search exper-
iment and were asked to point at the target picture. The distractors
were either related (semantic competitor or associate) or unrelated
to the target picture. No time limit was given. The pairs were pre-
sented in a randomized order. This recognition test was carried
out after the main experiment. All of the patients pointed to the tar-
get on at least 94% of the trials (a further breakdown of this finding is
provided in the Section 5). Critically, the patients who showed some
evidence of impaired recognition for living things could identify all
of the target objects used in the experiment.

3.6. Analyses

The first five trials of the first block were considered as practice
and excluded from the data set. Incorrect responses accounted for
a further 3% of control group and 15% of patient responses. Outly-
ing RTs were removed by eliminating those responses that were
beyond three standard deviations from a participant’s mean (1%
in controls; 1% in patients). A further reduction to the behavioral
data set was made by coding any instances at display onset where
eye gaze did not land in an area 2� of visual angle around the centre
of the screen (drift errors, 5% in controls; 17% in patients). This ex-
cluded trials where the participant’s gaze was inclined towards one
quadrant more than another because of the off-center starting
point. Correct responses only were selected and used as a basis
for RT analysis and eye data preparation (90% controls; 70%
patients).

Eye movement data were selected from correct trials only. The
mean saccade duration (i.e., duration between offset from current
fixation to onset of next fixation) was calculated for each group: On
average, the saccades made by the age-matched controls lasted for
45 ms and those for the patients lasted for 59 ms. Gaze durations
were calculated to include multiple fixations to the same object.
Trials were excluded when the first gaze made to the middle region
occurred 150 ms after trial onset (e.g., due to blinking so that eyes
were not at the middle point when the trial started). The remaining
trials were those that were initiated following a gaze to the middle
region. Trials where no eye movements were made away from the
middle region before making a response were coded and subse-
quently removed from the eye movement analyses, but not for
the behavioral analysis. This affected 6% of the trials for the con-
trols and 3% of the trials for the patients.

The time taken by participants to move their gaze from the mid-
dle region to one of the objects was analyzed along with the pro-
portion and duration of first gazes to the target, associate,
competitor and unrelated fillers. The first gaze data comprised
the proportion of first gazes made away from the middle region
after trial onset to one of the four objects. On target-absent trials,
first gazes to the foil were studied and on semantically unrelated
trials, first gazes to the unrelated filler object were studied.

A split-plot ANOVA was conducted across participants with a
between-subjects factor of group (age-matched controls versus pa-
tients) and within-subjects factors of target status (target-absent
versus target-present) and distractor condition (related, based on
averaging of associate and competitor distractor present condi-
tions, versus unrelated, where no related distractor was present).
4. Results

4.1. Behavioral results

4.1.1. Error rates
Analyses of variance showed that the patients made more er-

rors than the controls (14% versus 3%: F(1, 16) = 33.5, p < 0.001,
g2 = 0.68). There were generally more errors during target-present
than absent trials, although this failed to reach significance (11%
versus 7%: F(1, 16) = 4.2, p = 0.056, g2 = 0.21). There was no effect
of distractor condition (F(1, 16) = 1.9, p = 0.186, g2 = 0.11). A
3-way interaction between target status, distractor condition and
group approached significance (F(1, 16) = 4.3, p = 0.056, g2 = 0.21).
Fig. 3b shows a difference between the errors for the controls and
patients, with patients making more errors on target-absent trials
when a related distractor was present compared with when the dis-
tractor was unrelated to the target. Separate analyses of variance
were performed on target-present trials and target-absent trials.
On target-present trials there was a significant effect of group only
(F(1, 16) = 29.14, p < 0.001, g2 = 0.65). On target-absent trials there
were main effects of group (F(1, 16) = 11.66, p = 0.004, g2 = 0.42)
and distractor condition (F(1, 16) = 5.30, p = .035, g2 = 0.25), and an
interaction between the two factors (F(1, 16) = 7.11, p = 0.017,
g2 = 0.31). The patient group alone showed a main effect of distrac-
tor condition (patients: t(8) = 2.53, p = 0.035, g2 = 0.45; controls:
t(8) = 0.94, p = 0.376, g2 = 0.09), with more errors on target-absent
related trials (16%) than on target-absent unrelated (9%) trials.
4.1.2. Reaction times for correct responses
Analyses of variance showed that the patient group responded

more slowly than the controls (2440 ms versus 986 ms: F(1, 16) =
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14.47, p = 0.002, g2 = 0.47). Reactions were slower on target-absent
than target-present trials overall (1958 ms versus 1468 ms:
F(1, 16) = 31.58, p < 0.001, g2 = 0.66). The distractor condition had
no reliable effects. There were no interactions.

4.1.3. RTs for incorrect responses
The incorrect responses for the patients were also analyzed. Anal-

yses of variance found a significant difference between incorrect
responses when related distractors were present than when absent
(3323 ms versus 2976 ms: F(1, 8) = 8.73, p = 0.018, g2 = 0.52). There
were no other effects.

4.2. Eye movements

Comparisons of the eye movement data for patients and con-
trols on correct trials are summarized below. In addition, eye
movements made by the patients on incorrect response trials were
also analyzed (too few errors were made by the controls for their
data to be analyzed). Only first gaze durations to the distractor
yielded significant main effects, and these are reported below.

4.3. Correct response trials

4.3.1. Offset of gaze from middle region
Analyses of variance showed that there was a trend for longer

gazes to the middle region on target-absent (255 ms) compared to
present trials (245 ms; F(1, 16) = 4.21, p = 0.057, g2 = 0.21). There
was one interaction between group and distractor condition
(F(1, 16) = 7.81, p = 0.013, g2 = 0.33). The data were analyzed sepa-
rately for each group using paired comparisons. Only the control
group showed a main effect of distractor condition, with shorter off-
set times on trials where there was a related distractor (246 ms)
compared with trials with unrelated distractors (254 ms; t(8) =
3.39, p = 0.009, g2 = 0.59). There was no effect of distractor condition
for the patients (t(8) = 1.57, p = 0.154, g2 = 0.24; see Fig. 4). These
data suggest that the controls were more sensitive to the presence
of a related distractor prior to the onset of a saccade than the
patients.

4.4. Proportion of first gazes to the target

Analyses of variance showed that the controls made more first
gazes to the target than the patients (57% versus 35%: F(1, 16) =
22.67, p < 0.001, g2 = 0.59). There were no significant differences
between the other variables (see Fig. 5b).

4.4.1. Proportion of first gazes to distractors
The patients made more first gazes to distractors than the con-

trols, averaged across distractor type (26% versus 24%: F(1, 16) =
5.66, p = 0.030, g2 = 0.26). Across the groups there were more first
gazes to the distractor on target-absent than present trials (29%
versus 20%: F(1, 16) = 59.48, p < 0.001, g2 = 0.79), and more first
gazes to distractors when they were semantically related to the
target compared with when they were unrelated (27% versus 22%
F(1, 16) = 14.94, p = 0.001, g2 = 0.48). There was a significant inter-
action between target status and group (F(1, 16) = 11.83, p = 0.003,
g2 = 0.43). This was broken down by assessing the data separately
for target-present and absent trials, averaging across distractor
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type. Only target-present trials showed a main effect of group, with
patients looking to distractors more frequently than the controls
(23% versus 17%: F(1, 16) = 15.13, p = 0.001, g2 = 0.49; target-ab-
sent 28% (patients) versus 31% (controls); F(1, 16) = 3.14, p = .095,
g2 = 0.16). On target-absent trials there was no difference between
the groups in the effect of the distractor condition on first fixations
(see Fig. 6b).
4.4.2. First gaze duration to the target
Analyses of variance revealed a main effect of distractor condi-

tion only, with shorter gazes to the target in the presence of a related
than unrelated distractor (388 ms versus 413 ms, F(1, 16) = 6.23,
p = 0.024, g2 = 0.28). There were no interactions (see Fig. 5a).
4.4.3. First gaze duration to distractors
The patients gazed at distractors for longer than the controls

(231 ms versus 158 ms: F(1, 16) = 21.17, p < 0.001, g2 = 0.57).
Across the groups gazes were longer on target-absent than on tar-
get-present trials (209 ms versus 179 ms: F(1, 16) = 8.20, p = 0.011,
g2 = 0.34), and on trials when there was a semantically related rather
than an unrelated distractor (204 ms versus 184 ms: F(1, 16) = 9.07,
p = 0.008, g2 = 0.36). Significant interactions occurred between
target status and distractor condition (F(1, 16) = 4.72, p = 0.045,
g2 = 0.23) and between target status, distractor and group
(F(1, 16) = 4.52, p = 0.049, g2 = 0.22).

The two-way interaction was broken down by analyzing the
data for target-present and target-absent trials averaged across
groups. For target-present trials only there was a reliable main ef-
fect of distractor condition, with longer gazes to semantically re-
lated rather than unrelated distractors (196 ms versus 162 ms:
F(1, 16) = 10.60, p = 0.005, g2 = 0.38). There was no effect of distrac-
tor condition on target-absent trials (213 ms versus 205 ms:
F(1, 16) = 0.76).

The three-way interaction was broken down by analyzing the
data for each group separately. For the control group there was a
reliable main effect of target status only, with longer gaze dura-
tions to distractors on target-absent than present trials (182 ms
versus 133 ms: F(1, 8) = 17.54, p = 0.003, g2 = 0.69). There was no
effect of distractor type and no interaction between distractor con-
dition and target status. For the patient group there was no effect
of target status (F(1, 8) = 0.35, p = 0.572, g2 = 0.04), but a main effect
of distractor condition, with longer gazes to the related distractor
than to unrelated distractors (244 ms versus 217 ms: F(1, 8) =
8.64, p = 0.019, g2 = 0.52). There was also an interaction between
target status and distractor (F(1, 8) = 8.04, p = 0.022, g2 = 0.50).
There was a significant effect of distractor for target-present trials
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only (target-present: t(8) = 3.85, p = 0.005, g2 = 0.65; target-absent:
t(8) = 0.1, p = 0.924, g2 < 0.01; see Fig. 6a).
4.4.4. Incorrect response trials
4.4.4.1. First gaze duration to the distractor. The patients gazed long-
er at distractors (whether semantically related or unrelated to the
target) on target-present, than target-absent trials (374 versus
267 ms: F(1, 8) = 8.43, p = 0.020, g2 = 0.52). Gaze durations were
also longer on distractors that were semantically related to targets
than on semantically unrelated distractors (369 ms versus 272 ms:
F(1, 8) = 5.02, p = 0.055, g2 = 0.39). The interaction between these
two factors was not reliable (F(1, 8) = 2.31, p = 0.167, g2 = 0.22),
although there was a trend towards longer lasting gazes to the
semantic distractors on target-absent relative to present trials (tar-
get-present: 283 versus 251 ms on related and unrelated distrac-
tors; target-absent: 455 versus 292 ms, respectively).
5. Discussion

5.1. The frontal patients as a group performed differently from the age-
matched controls in the following ways

(a) The patients made more false positive errors on related than
on unrelated trials.

(b) The patients’ time to offset the gaze from the central fixation
point was less affected by distractor type than the controls’,
i.e., only the controls showed faster offsets of fixation when
a related distractor rather than an unrelated distractor was
present.

(c) The patients made fewer first gazes to the target than the
controls. This was unaffected by distractor type.

(d) The patients made more first gazes to distractors (regardless of
the distractor condition), particularly on target-present trials.



Table 2
Mean error rates (%) for the two lesion groups and the control group, with standard
deviations in parentheses.

Target status Distractor AC/AT Lateral Controls

Target-present Related 21 (4) 15 (6) 5 (2)
Unrelated 17 (0) 17 (12) 5 (3)

Target-absent Related 28 (17) 9 (2) 2 (1)
Unrelated 13 (8) 6 (2) 2 (2)
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(e) The patients made longer lasting first gazes to related rela-
tive to unrelated distractors, particularly on target-present
trials.

(f) In addition, the patients’ incorrect responses took longer on
related relative to unrelated trials; in control participants,
incorrect responses were too infrequent for analysis.

(g) On incorrect response trials, the patients made longer lasting
first gazes to related relative to unrelated distractors, partic-
ularly on target-absent trials.

Visual search for complex stimuli such as line drawings of ob-
jects likely involves at least two stages: first, initial selection of
an item for an orienting response (required to verify the target)
and, after this, a target verification process (matching a detailed
re-presentation of the selected stimulus to a target template (see
Duncan & Humphreys, 1989). The data for frontal patients reported
here can be accounted for in terms of the patients having two def-
icits compared with the controls. First, there is evidence for a def-
icit in the initial selection of the target. This is indexed by several
findings including the reduced effect of semantically related dis-
tractors on the time to offset fixation, the reduced number of first
gazes to the target, and the increased number of first gazes to dis-
tractors. In each case the data suggest that the patients were less
able to use peripheral visual information to guide search. This
meant that the times to offset fixation were more strongly influ-
enced by related distractors in controls than in patients. Second,
there is evidence that the patients’ verification stage was disrupted
following the selection of an item to saccade to. This verification
process was affected by whether or not the distractor was related
to the target. The patients were prone to making an error by
responding to the distractor (on target-absent trials), their re-
sponses were slower on incorrect trials when a related distractor
relative to unrelated distractor was present, and the patients
showed longer gaze durations than controls when distractors were
semantically related to targets. These longer gaze durations on re-
lated distractors also occurred on error trials. These problems in
verifying whether a target was present, after orienting to the re-
lated distractor, were most evident on target-absent rather than
target-present trials because, on target-present trials, a response
to the related distractor would be classed as correct.

These results provide a partial fit with the data reported by Soto
et al. (2006) who found that patients with frontal lobe damage
were strongly affected once they attended to a distractor matching
an item held in working memory: Patients made more errors and
were slower to respond than the control group. However, the pa-
tients did not differ from the controls in terms of effects of the
re-appearance of the working memory stimulus on the proportions
of first fixations made to distractors. That is, there was no evidence
for abnormally strong top-down guidance on the first stage of
selection, but there was a problem in rejecting related distractors
once they were selected. Like Soto et al. (2006), we too found that
there was an impairment in rejecting related distractors after they
had been selected (indicated by increased errors on target-absent
trials and long gaze durations to related distractors). This is consis-
tent with frontal cortex being important for keeping separate re-
presentations of the target from other activated re-presentations
(e.g., of related stimuli). Soto et al., however, reported no differen-
tial effects of frontal lobe damage on the first stage of selection. In
contrast to this, our data point to the frontal patients also being im-
paired at this first stage, with their search being less guided by the
target and fixation offsets being less influenced by peripheral, re-
lated distractors. One reason for this contrast may be the complex-
ity of the stimuli. We used relatively complex line drawings of
everyday objects, whereas Soto et al. used simple 2D colored
shapes. The patients may remain able to guide the first stage of
search with relatively simple stimuli, but show a deficit in the first
stage of selection with more complex stimuli. In addition, in our
study the target and distractor could be semantically related
whereas targets and distractors were unrelated in Soto et al.. This
additional degree of relatedness could have exacerbated the prob-
lems the patients had in rejecting a distractor after it had been
selected.
5.2. Patient sub-groups

Although we have presented the frontal patients as a single
group, it should be borne in mind that the patients had a diverse
set of lesions. While the majority of the patients had relatively lat-
eral lesions affecting ventrolateral or dorsolateral prefrontal re-
gions (the lateral group, Fig. 1 and Table 1), three patients (SP, FK
and GA) had damage to the anterior cingulate plus also damage
to anterior temporal regions (the AC/AT group). An analysis of
these sub-groups of patients indicated that the patients with
AC/AT damage were particularly affected by the related distractor.
This difference was most pronounced for the error data, with the
AC/AT patients being particularly prone to making false positive re-
sponses to related distractors on target-absent trials.

A further analysis of errors on target-absent trials revealed an
interaction between the distractor condition and patient sub-
group (F(1, 7) = 7.14, p = 0.032, g2 = 0.51). While the lateral sub-
group also showed an effect of related distractors on errors when
compared to controls (a difference in error rate with related versus
unrelated distractors of 3%, compared with a difference of �0.5%
for the controls: F(1, 13) = 7.30, p = 0.018, g2 = 0.36), this effect
was particularly large for the AC/AT sub-group (a difference of
15% in the error rate; F(1, 10) = 22.80, p = 0.001, g2 = 0.70) (see
Table 2). This fits with the arguments that the AC is involved in
error monitoring (Blasi et al., 2006; Carter et al., 1998). The data sug-
gest that patients with AC/AT damage have difficulty in refraining
from responding to a related stimulus that they have oriented to.

It is also the case that the AC/AT patients all showed difficulties
with the Pyramids and Palm Trees standardized test (Howard & Patt-
erson, 1992) indicating some difficulty in object recognition. A com-
parison of the mean scores for the two patient sub-groups on the
clinical test scores reported in Table 1 yielded no significant
performance difference, except for the Pyramids and Palm Trees vi-
sual and auditory scores (auditory: 10 point difference, t(7) = 10.33,
p < 0.001; visual: 10 point difference, t(7) = 7.89, p < 0.001). How-
ever, difficulty in recognition per se, cannot provide a full explana-
tion of our results. For example, the AC/AT patients made no more
errors than the other frontal patients in our pre-experimental test
of recognition for the objects used (t(7) = �0.921, p = 0.388). There
was also no correlation between errors on the pre-experimental test
and the magnitude of the effects of related distractors on errors
(n = 9, r = �0.56, p = 0.114). We also used only two animate targets
(bird and hand), which the patients could identify, so a problem
due to their category-specific recognition problem for animate ob-
jects can be discounted. We conclude that, at least with the present
items, poor object recognition was not the key factor.

Were there effects of distractor relatedness on the first stage of
selection in the AC/AT patients? For the proportion of first saccades



Table 3
Mean proportions (standard deviations in parentheses) of first gazes to the distractor
(%) in each condition for the two lesion groups and the control group.

Target status Distractor AC/AT Lateral Controls

Target-present Related 29 (3) 24 (5) 19 (2)
Unrelated 17 (3) 22 (3) 15 (6)

Target-absent Related 32 (7) 30 (4) 33 (5)
Unrelated 25 (2) 26 (3) 28 (3)

Table A1
List of materials with association norms provided in parentheses for target-
competitor and target-associate pairs.

Target Related competitor Related associate

Arrow Bullet (0.01) Bow (0.35)
Bird Fish (0.01) Feather (0.40)
Cigarette Pipe (0.01) Ashtray (0.01)
Comb Brush (0.17) Hair (0.61)
Crown Scepter (0.01) King (0.21)
Hammer Drill (0) Nail (0.28)
Hand Foot (0.18) Finger (0.18)
Lock Hinge (0) Key (0.45)
Nose Eye (0.06) Face (0.16)
Organ Tuba (0) Church (0.10)
Plane Ship (0.01) Propeller (0)a

Racquet Bat (0.02) Shuttlecock (0)a

Saddle Horseshoe (0) Horse (0.64)
Shirt Trousers (0.04) Tie (0.16)
Screw Hook (0) Screwdriver (0.01)
Thread Rope (0) Needle (0.61)

Fillers: torch, swan, tie, lollypop, pear, bell, cloud, football, card, mouse, plaster,
flower, weight, belt, butterfly, broom.

a Non-existing association norms set to zero.
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to distractors across target-present and absent trials, the interac-
tion between distractor condition and sub-group failed to reach
significance (F(1, 7) = 4.85, p = 0.063, g2 = 0.41), although there
was a trend for an increased proportion of first gazes to the re-
lated distractors by the AC/AT patients compared to the lateral
sub-group (the difference in the percentage of first gazes to re-
lated compared with unrelated distractors was 9% for the AC/AT
patients versus 3% for the other patients; see Table 3). The differ-
ence in the proportion of first gazes to related and unrelated
distractors for the age-matched control participants was 4%.
Neither the AC/AT nor the lateral sub-group of patients differed
from the controls (AC/AT versus controls: F(1, 10) = 2.40, p = 0.152,
g2 = 0.19; Lateral versus controls: F(1, 13) = 0.37, p = 0.850,
g2 = 0.03).

These data again indicate that the patients were particularly
impaired at a post-selection stage of target identification, rather
than semantic relatedness exerting an abnormally strong ‘pull’
on attention. We suggest that when attention is drawn to a related
distractor and it is selected, it may activate a target-present re-
sponse. This would then create response conflict on target-absent
trials. This problem due to response conflict may be exacerbated
in patients with AC/AT damage, given the link between the AC
and error monitoring (Blasi et al., 2006; Carter et al., 1998). Note
that, for the AC/AT patients, the effect of distractor relatedness
on errors was about four times larger on target-absent trials than
on target-present trials. Evidence consistent with the argument
for response priming taking place comes from the data on gaze
durations to targets, which were shorter (across both patients
and controls) when the related distractor was present relative to
when it was absent. In this case, priming of a target-present re-
spons2e from the related distractor would reduce the time taken
before a response was made.
6. Conclusions

The data indicate that patients with frontal-lobe lesions can
have problems at two stages of visual search: (i) impaired selection
of targets in relation to both related and unrelated distractors, and
(ii) impairments in rejecting semantically related distractors at a
post-selection stage of target identification. The data fit with the
proposal that the frontal lobes help to specify the target for search
and to keep separate the re-presentation of task-relevant targets
from activated re-presentations of other items. In addition, the
AC may play a particular role in monitoring conflict when distrac-
tors prime responses that are at variance with the response re-
quired in the search task.
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