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Abstract Recent research suggests a role of top-down
modulatory signals on perceptual processing, particularly
for the integration of local elementary information to form
a global holistic percept. In this study we investigated
whether prefrontal cortex may be instrumental in this topdown modulation in humans. We measured detection
thresholds for perceiving a circle deWned by a closed chain
of grating patches in 6 patients with prefrontal lesions,
4 control patients with temporal lesions and 17 healthy control subjects. Performance of patients with prefrontal
lesions was worse than that of patients with temporal
lesions and normal controls when the patterns were sparse,
requiring integration across relatively extensive regions of
space, but similar to the control groups for denser patterns.
The results clearly implicate the prefrontal cortex in the
process of integrating elementary features into a holistic
global percept, when the elements do not form a “pop-out”
display.
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Introduction
In order to perceive the world as a coherent global percept,
the brain needs to integrate elementary sensory information, initially analysed in parallel in a visuotopic fashion.
Although the problem of integration has been extensively
studied in recent times (e.g. Robertson and Lamb 1991;
Field et al. 1993; Kovacs and Julesz 1993), the mechanisms
and neural substrates for global perception are far from
well-understood.
Neurophysiological and psychophysical research frame the
problem of global perception in terms of perceptual grouping,
meaning the emergence of a meaningful stimulus clearly segregated from a coherent set of local elements within an otherwise incoherent background (Palmer 1999). Perceptual
grouping has been investigated in multiple-choice detection
tasks in which a chain of spatial curtailed gratings, or gabor
patches (that model the receptive Weld structure of V1 cells),
has to be segregated from a noisy background (Field et al.
1993; Kovacs and Julesz 1993). In such tasks there is no global cue such as colour or texture to allow segregation of the
elements of the chain from the background (see Fig. 2 for
example). The global pattern seems to emerge from local
interactive processes, which are inXuenced by local perceptual
variables, such as the relative orientation and position of
nearby cues (Field et al. 1993). Psychophysical evidence,
derived for example within the lateral masking paradigm, has
suggested that long-range facilitatory interactions linking cells
with similar orientation preferences as early as in V1 may be
instrumental in contour integration and Wgure-ground segregation (e.g. Kovacs and Julesz 1993; Polat and Sagi 1993).
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Other research, however, indicates that contour integration may also be mediated by top-down modulation from
higher areas. Piccini et al. (2003) described a patient (MC)
with a marked atrophy of the right temporo-parietal junction
who showed a deWcit in integrating visual local information
in a coherent whole (i.e. integrative agnosia; see also
Humphreys 1987). In order to provide some constraint to the
limits of perceptual grouping in MC, the authors measured
thresholds for detection of a circle deWned by a chain of
gabor patches in MC, as a function of background noise.
The patient was required to detect the appearance of the circle on the screen and to report its position. Crucially, the
number of local elements composing the circle was varied
across experimental conditions, thereby varying interelement distance values (see also Field et al. 1993; Kovacs
and Julesz 1993). It was found that MC was able to identify
the stimuli with small inter-element distance values (which
induced a “pop-out” perception), but failed in identifying
sparser stimuli (Piccini et al. 2003). The authors thus argued
that top-down neural mechanisms, involving the temporoparietal junction, may be necessary to achieve the segregation of a target from background when global perception
cannot be entirely supported by local cortico-cortical integration rules (Piccini et al. 2003; see also Fink et al. 1997;
Robertson and Lamb 1991). Accordingly, a PET study demonstrated that attending to a predetermined target (i.e. a letter) that could appear either at the local or the global level in
a Navon task engaged the temporo-parietal junction, which,
in turn, modulated the sensory neural responses in prestriate
cortex (Fink et al. 1997; see also Yamaguchi et al. 2000).
We hypothesize that the prefrontal cortex may also be a
crucial component in a system that provides top-down
attentional control for global perception. Recent evidence
suggests that the prefrontal cortex may be implicated in the
control of perceptual processes. For example, in a study
investigating perceptual reversals, Windmann and colleagues found a reduced ability to switch between the two
competing representations in patients with prefrontal
lesions compared to normal controls, which suggests that
the prefrontal cortex can bias the selection of visual representations in accordance with current goals (Windmann
et al. 2006). Moreover, in a visual search task requiring
detection of inverted triangles embedded in a rapid train of
upright ones, patients with damage to prefrontal cortex
were impaired for contralateral targets compared with normal controls (Barcelò et al. 2000). Event-related potentials
revealed that this behavioural deWcit was accompanied by
reduced post-selection target-related neuronal activity in
ipsilesional inferior temporal cortex neurons that are
specialized in the early analysis of object features (e.g.
Desimone and Duncan 1995).
This evidence has suggested that the prefrontal cortex
might be necessary to activate and maintain a representation
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of the relevant stimuli in extrastriate areas (Barcelò et al.
2000; Windmann et al. 2006), that could be used to guide
top-down selection of task-relevant object features (Desimone 1998; Miller and Cohen 2001; Miyashita and Hayashi 2000). Studies using single-cell recordings have indeed
shown that working memory-related activity can signiWcantly inXuence the deployment of attention, so as to contribute to the selection of appropriate visual information
(Desimone 1998; Duncan and Humphreys 1989). For
example, Chelazzi and colleagues presented monkeys with
a cue image, followed by a search array containing two or
more objects after an appropriate delay. The monkey was
required to saccade to the object that matched the cue (target). About 90–120 ms before the onset of the eye movement to the target, responses in the inferior temporal
neurons to non-targets were suppressed, and the neural
response was dominated by the target (Chelazzi et al. 1993;
Tomita et al. 1999; Miyashita and Hayashi 2000). Importantly, it seems that the contents of working memory are in
turn controlled by the prefrontal cortex: in monkeys, prefrontal neurons exhibit object-speciWc delay-period activity
that is robust to distraction (Miller et al. 1996). Moreover, a
disruption of top-down inputs from the prefrontal cortex to
the inferotemporal cortices prevents the activation of stored
task-relevant information (Tomita et al. 1999; see also
Rainer et al. 1998).
In the present study we investigate whether prefrontal
cortex may play a role in global perception in humans. If
the prefrontal cortex modulates extrastriate responses to
attended sensory events, then this brain region might be
crucial in segregating a desired target from background
under diYcult or noisy conditions. In contrast, the prefrontal cortex is not expected to be necessary to perceive highsalient stimuli, which may induce a pop-out perception. To
verify our hypothesis, we measured thresholds for detecting
a circle deWned by a closed chain of gabor patches in
6 patients with prefrontal lesions, 4 control patients with
temporal lesions and 17 normal controls. The number of
patches deWning the circle was manipulated across experimental conditions, hence varying the inter-element distance
values. The results show that patients with prefrontal
lesions perform well in detecting stimuli with small interelement distances, but are impaired in perceiving sparse
patterns with large inter-element distance values compared
to patients with temporal lesions and normal controls.

Methods
Participants
Three groups of participants took part in the study (see
Table 1): a group of patients with lesions in the prefrontal
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Fig. 1 Location of brain lesions
according to the templates
developed by Damasio and
Damasio (1989)

Table 1 Demographic, clinical and lesion data of patient groups
Prefrontal
patients

Sex

Age
(years)

Education
(years)

Etiology

Side of
lesion

Description
of lesion

MMSE

WMS

SRM*

WCST*
(perseverative
errors)

F1

F

61

8

AcoA Aneurysm

L

Vm PFC

26

84

50

9

F2

F

56

18

AcoA Aneurysm

B

Vm PFC

27

97

5

5

F3

M

45

8

AcoA Aneurysm

R

Vm PFC

28

94

50

30

F4

M

65

5

AcoA Aneurysm

L

Vm PFC

26

92

50

18

F5

M

48

8

AcoA Aneurysm

R

Vm PFC

27

93

5

5

F6

M

56

13

AcoA Aneurysm

L

Vm PFC

25

82

19

5

Temporal
patients
T1

F

59

13

Infarction

L

Temporal white matter

28

40

50

10

T2

M

70

8

Infarction

L

Lateral temporal

n.a.

n.a.

25

30

T3

M

56

5

Infarction

L

Lateral temporal

27

82

55

70

T4

M

49

10

Infarction

L

Basal ganglia/internal
capsule

n.a.

n.a.

50

50

M male, F female, L left, R right, B bilateral, ACoA anterior communicating artery, Vm PFC ventromedial prefrontal cortex, MMSE mini-mental
state examination (cut-oV = 24); WMS weschler memory scale (normal mean = 100, SD 15); SRM standard raven matrices; WCST Wisconsin Card
Sorting Test
Scores in percentile value are indicated with a *. Percentile values ·5 are indicative of impaired performance. n.a. non-applicable due to the presence of aphasia

cortex (n = 6), a control group of patients with lesions in
the temporal cortex (n = 4), and a control group of healthy
individuals (n = 17). Patients were all more than 8 months
post-onset. Frontal patients were selected on the basis of
lesion restricted to the frontal lobe, as documented on CT
or MRI scans (see Fig. 1). They had a mean age of
55.1 years (SD 7.5), a mean of 10 years of education
(SD 4.6), and presented lesions mainly involving the ventromedial prefrontal cortex (BA 10, 12, 24, 32). Temporal
patients were selected on the basis of lesion restricted to
the temporal lobe, as documented on CT or MRI scans

(see Fig. 1). They had a mean age of 58.5 years (SD 7.5),
a mean of 9.8 years of education (SD 3.3).
Patients were matched to a group of 17 healthy individuals with a mean age of 60.2 years (SD 6.4) and a mean education of 9.4 years (SD 3.1). No signiWcant diVerences in
age [Kruskal–Wallis 2(2) = 0.03; P = 0.8] or education
[Kruskal–Wallis 2(2) = 0.02; P = 0.9] emerged across participant groups.
Participants were included who had no other diagnosis
likely to aVect cognition or interfere with the participation in the study (e.g. psychiatric disease, alcohol abuse,
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history of cerebrovascular disease, etc.). Before commencing the main experiment, we Wrst measured contrast
sensitivity of all groups by means of the Vistech tables.
All patients and controls were within the normal range
both for low and for high-spatial frequencies, showing
that there were no major deWcits in basic visual function.
All subjects had vision corrected for 57 cm viewing. Participants gave informed consent to participate in the
study according to the Declaration of Helsinki (International Committee of Medical Journal Editors, 1991) and
the Ethical Committee of the Department of Psychology,
University of Bologna.
Table 1 shows demographic data, lesion side, etiology,
lesion description, as well as the results each patient
obtained in neuropsychological tests commonly used in
clinical practice (see Spinnler and Tognoni 1987 for normative data). Patients with prefrontal lesions were mostly
impaired in tests tapping executive functions, such as the
Wisconsin Card Sorting Test, where three of the six
patients showed impaired performance, and the Standard
Raven Matrices, where two patients showed impaired
performance. In contrast, their memory performance at the
Wechsler Memory Scale was close to normal (as a group
they scored 90, where normal mean and standard deviation
are 100 and 15, respectively). On the other hand, two of the
four temporal patients showed a severe aphasia that precluded the administration of some neuropsychological tests.
Moreover, of the two non-aphasic patients, one showed
severely impaired memory at the Wechsler Memory Scale
(score = 40). In contrast, temporal patients’ performance in
executive tests was within the normal range.
Stimuli
Sensitivity for integration of local elements into a global
pattern was measured by testing the ability of the subjects
to detect a target circle embedded in noise (see Fig. 2),
where both the circle and noise elements were sinusoidal
grating patches (Field et al. 1993; Kovacs and Julesz 1993).
Grating patches of the target were distributed equally
around and oriented parallel to the circumference of a virtual circle of radius of 4.3°. The position and orientation of
noise elements were distributed randomly. Spatial frequency of grating patches was 1.75 cycles per degree, each
patch subtended 0.57° of visual angle. Inter-element spacing of the patches was 4.3°, 3.1° and 2.1°, corresponding to
6, 10 and 14 patches in the target (see also Piccini et al.
2003). Stimuli were presented on a 60 Hz frame-rate LCD
display driven by a PC laptop. Distance of subjects from
the screen was 57 cm. The whole stimulus had mean luminance 20 cd/m2, subtended 20° £ 20° of visual angle and
was displayed for 1 s. All measurements were made in a
darkened room.
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Fig. 2 Example of the stimulus used to explore visual integration ability. The circular target is located in the lower right quadrant. The number of noise elements shown here are below threshold for all subjects

Procedure
Subjects were required to identify in the quadrant where the
grating patch was displayed (four-alternative forced choice)
by reporting to the experimenter. Subjects had no time limit
for response and no feedback was given. The number of
random elements was varied by the adaptive QUEST procedure (Watson and Pelli 1983), and the psychometric
functions Wtted by a Weibull function (with asymptotes of
0.25 and 1), to calculate threshold as 75% correct. Sensitivity is deWned as (S + N)/S where S is the number of patches
in the target, and N is the number in the background at
threshold. To reduce fatigue, data were generally collected
in three sessions, carried out on diVerent days. In total three
blocks of 30 trials were measured for each condition.

Results
Figure 3 shows example psychometric curves for two representative subjects, one with prefrontal lesions (patient F3:
Wlled symbols) the other with temporal lesions (patient T3:
open symbols). Squares show results for fairly dense gabor
chains (inter-stimulus spacing 2°), and circles those for
sparse chains (inter-stimulus spacing 4.3°). All four curves
show the same general pattern, going from perfect performance for low-noise levels to chance (25%) at high noise
levels. Sensitivity is deWned as the noise level at which performance is 75% correct. For the dense gabor chains, the
functions for the two patients are similar. For the sparse
chain, however, the performance of the patient with prefrontal lesions (Wlled symbols) was considerably worse
than the patient with temporal lesions (open symbols).
Figure 4 shows average sensitivities for detecting the
patch-deWned circles, as a function of inter-stimulus
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Fig. 3 Example psychometric curves for one patient with prefrontal
lesions (F) and one patient with temporal lesions (T). Squares show results with dense patterns (inter-stimulus spacing 2°) and circles for
sparse patterns (inter-stimulus spacing 4.3°). The data are Wtted by
cumulative Gaussian functions, and sensitivity is given by the noise
level at which performance is 75% correct. The dotted horizontal lines
show chance and threshold performance

spacing, for patients with prefrontal lesions, control
patients with temporal lesions, and normal controls. For
each subject and experimental condition, curves like those
of Fig. 3 were Wtted to the data to yield estimates of sensitivity (at 75% performance), and these sensitivities were
averaged across subjects. For all subjects performance
decreased with increasing inter-stimulus distance: stimuli
with high inter-element distance values were more diYcult
to detect than low distances, consistent with previous evidence (Field et al. 1993; Kovacs and Julesz 1993; Piccini
et al. 2003). However, for patients with prefrontal lesions
the dependence on inter-stimulus distance was greater than
for controls. Thus, while their sensitivity to dense patterns
was as good as the controls, both in mean and in spread,
sensitivity to sparse patterns was consistently lower in prefrontal patients compared to normal controls. The patients
with temporal damage behaved quite diVerently: sensitivity
was as good as for controls under all conditions (see Fig. 4).
Performance of patients with prefrontal lesions was contrasted to that of the control groups by using non-parametric tests. For the dense patterns (2° inter-stimulus spacing,
no signiWcant diVerence in sensitivity was detected across
participant groups [Kruskal–Wallis 2(2) = 1; P = 0.6]: sensitivity of patients with prefrontal lesions was statistically
indistinguishable from that of patients with temporal
lesions (Mann–Whitney U = 11; P = 0.8) and normal controls (Mann–Whitney U = 47; P = 0.8).
For stimuli with inter-stimulus spacing of 3° (10 Gabors
per circle), there was a signiWcant diVerence in sensitivity
across groups [Kruskal–Wallis 2(2) = 7.5; P < 0.05]: prefrontal patients showed lower sensitivity compared to normal

Fig. 4 Mean sensitivity for detecting the patch-deWned circles, as a
function of inter-stimulus interval, for patients with prefrontal lesions,
control patients with temporal lesions, and normal controls. The means
are geometric means, with the bars representing 1 standard error of the
mean

controls (Mann–Whitney U = 20; P < 0.05), whereas temporal patients showed comparable sensitivity to normal controls
(Mann–Whitney U = 50; P = 0.6). The diVerence in sensitivity between prefrontal and temporal patients did not reach
statistical signiWcance (Mann–Whitney U = 6; P = 0.2).
For the sparse stimuli with inter-stimulus spacing of 4.3°
(6 Gabors per circle) there was a signiWcant diVerence in
sensitivity across groups [Kruskal–Wallis 2(2) = 7.4;
P < 0.05]. Sensitivity of prefrontal patients was signiWcantly lower than that of normal controls (Mann–Whitney
U = 9; P < 0.005), and temporal patients (Mann–Whitney
U = 0.5; P < 0.05). In contrast, temporal patients’ performance was comparable with normal controls (Mann–Whitney
U = 44; P = 0.9).
Figure 5 shows individual results for the two patient
groups and normal controls, plotting sensitivity to sparse
patterns (inter-stimulus separation 4.3°) against that to
dense patterns (2° separation). While the scatter distributions for dense patterns are very similar for the three
groups, both in mean and in spread, sensitivity for the prefrontal patients to sparse patterns was consistently lower
than that of the control and temporal groups. This shows
that the results were a general trend across subjects and not
just due to a few atypical outliers.

Discussion
This study investigated perceptual grouping in patients with
lesions in prefrontal cortex, control patients with lesions in
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Fig. 5 Sensitivity of individual prefrontal patients (Wlled triangles),
temporal patients (Wlled circles), and their age-matched controls (open
triangles) represented as a scatterplot, with sensitivity to dense patterns
(inter-stimulus distance of 2°) shown on the ordinate and that to sparse
patterns (inter-stimulus distance of 4.3°) on the abscissa

temporal cortex, and normal controls. Compared with the
control groups, patients with prefrontal lesions were
impaired in perceiving stimuli with high inter-element distance values (with 4.3° separation). The deWcit was speciWc
for sparse patterns, and therefore cannot be ascribed to
scarce motivation, failure to maintain attention on the task,
or other non-speciWc reasons. It cannot be put down to a
diVerence in task diYculty, as we adjusted the noise levels
to calculate thresholds at constant task diYculty, yielding
75% performance. In any event, no comparable deWcit was
observed in patients with lesions to the temporal cortex,
who may also be expected to show task-diYculty related
eVects. Finally, it is improbable that the deWcit resulted
from reduced contrast sensitivity, as this was shown to be
normal over a wide range of spatial frequencies.
Thus, our Wndings point to a perceptual deWcit in patients
with prefrontal lesions for integrating relatively sparse elements into a global percept. Many have argued that spatial
integration of local elements could be determined by a
series of local rules (e.g. orientation, colinearity) within a
spatially limited region of the visual space surrounding
each local element, the “association Weld” (Field et al.
1993). These interactions could well be implemented at an
early level of visual processing, possibly V1 (Polat and
Sagi 1993; Cass and Spehar 2005; Das and Gilbert 1995).
The Wnding that the prefrontal patients of this study, who
have no occipital damage, showed no reduction in sensitivity to dense targets (2° inter-element separation) supports
the notion that integration between elements can occur at a
low level. However, when the distance between local
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elements increases, it seems that top-down neuro-modulatory mechanisms are necessary to group these elements in a
unitary percept.
Our results suggest that the prefrontal cortex might be a
crucial component in providing top-down modulation in the
process of integrating elementary features into a holistic
global percept. Consistent with this suggestion, in the PET
study of global perception by Fink et al. (1997) which we
discussed earlier, signiWcant activation of the medial prefrontal cortex was detected along with the temporo-parietal
activation. It is then natural to ask what the speciWc role of
the prefrontal cortex in global perception might be. It is
worth noting that in the present study, as well as in most of
those reported earlier (e.g. Windmann et al. 2006; Barcelò
et al. 2000; Piccini et al. 2003), participants were informed
about the nature of the target to be detected. Under such
conditions, the prefrontal cortex is reasonably involved in
the activation and the maintenance of a representation of
the sought target in working memory (see also Windmann
et al. 2006; Barcelò et al. 2000).
Recent research in humans has shown that the activation
of a relevant representation in working memory constitutes
an important top-down modulator for visual selection
(Desimone 1998). SpeciWcally, it has been demonstrated
that when an object is maintained in working memory,
attention automatically shifts to objects that match the sample (Downing 2000), or share a deWning feature with the
sample (Soto et al. 2005), or are even only semantically
related to the sample (Moores et al. 2003), which ultimately
will gain a privileged access to awareness. Such top-down
factors might arguably exert a determinant inXuence over
selection of targets that are relatively diYcult to discriminate (Duncan and Humphreys 1989), but be not essential
for detecting very salient targets, which may induce a bottom-up selection (e.g. Theeuwes 1991). Thus, in our perceptual grouping task, patients with prefrontal lesions
might not have detected stimuli with high inter-element distance values because they failed to activate or maintain a
relevant representation in working memory. Such deWcit,
however, had little impact on detection of stimuli with low
interelement distance values.
The precise mechanisms by which prefrontal projections
inXuence the activity of targeted visual neurons are poorly
understood at present. The prefrontal cortex does not connect directly with the primary visual cortex in the primate
brain, but connects to many extra-striate areas, including
the inferior temporal cortex (Miller and Cohen 2001). The
prefrontal cortex could activate and hold on-line a representation of the relevant target in these areas (Rainer et al.
1998; Tomita et al. 1999; Miller and Cohen 2001) which, in
turn, could amplify and focus activity of neurons in lowerorder ares, thus highlighting features and contributing to
the “pop-out” phenomenon. In line with this interpretation,

Exp Brain Res

neuropsychological (Barceló et al. 2000) and neuroimaging
research (Corbetta et al. 1993) has shown that the prefrontal
cortex can modulate extrastriate processing to enhance sensory representations according to their behavioural relevance. Moreover, electrophysiological studies suggest that
the prefrontal cortex may help establish feature binding of
relevant object representations by inducing high-frequency
Wring in the gamma band range (Keil et al. 1999).
Our data, together with those of Piccini and colleagues
using the same paradigm, implicate the temporo-parietal
junction and the ventromedial prefrontal cortex as two crucial neural underpinnings of perceptual grouping. Interestingly, these two brain regions take part in an attentional
system deemed to be crucial for detection of task-relevant
stimuli (Corbetta and Shulman 2002). One might speculate
then that these two brain regions play complementary roles
during global perception, with the temporo-parietal junction mediating conscious awareness of relevant stimuli, and
the ventral regions of prefrontal cortex maintaining task relevancy. Evidence from recognition memory tasks is relevant to this idea: unlike other amnesics, patients with
ventromedial prefrontal lesions not only tend to falsely recognize (select) items that are semantically related to the
studied ones, and thus consistent with a representation of
the studied material, but also endorse items that are unrelated to the studied ones, and therefore task-irrelevant
(Ciaramelli et al. 2006). Future studies using visual search
paradigms (e.g. Moores et al. 2003) might be useful to
verify the merit of this proposal more directly.
To conclude, by investigating perceptual grouping using
robust psychophysical methods, we have shown that the
prefrontal cortex may be instrumental in integrating local
elements into a coherent whole under diYcult conditions of
segregation. In contrast, when segregation is easier (as is
probably more usual in real life situations), more local
cortical inter-connectivity without the involvement of
prefrontal cortex may be suYcient.
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