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1 Introduction

This work will approach the neuronal background of non-familiar face perception

with behavioural, electrophysiological and functional imaging techniques. The first

part of the dissertation gives a review of the relevant literature. The second chapter

contains a history of face processing that helps position the empirical studies within

the body of face research. Next, the electrophysiological and imaging correlates of

faces and current models of face processing are described. The third and fourth

chapters introduce the theoretical concepts of the experimental data: the processing

of noisy stimuli in the third chapter, sensory competition and adaptation in the

fourth. Chapter five enumerates the research questions and the methodological part

addresses the relevant analysing methods. Since three out of four studies applied

standard methods, which are all described in the methodological chapters of the

papers, only Dynamic Causal Modelling (DCM) is described in details. Next, a

general discussion summarizes the main findings of the research project and finally

the four published papers are attached in their original format.

There are various methods that make face-relevant decisions more complex: one

possibility is to add noise to the stimuli, another is to morph the target stimuli or

present it concomitantly with other images. In the first study we added Fourier

phase-noise or overlapping meaningful images to the stimuli, in the second target

faces were presented among other faces, while in the third study the gender infor-

mation of faces were modified with morphing. In the fourth study the underlying

neuronal mechanisms of face and object processing was modelled with effective con-

nectivity. The applied stimuli in all studies were based on the face database of our

laboratory, consisting of non-familiar (everyday models, unknown by the subjects),

grayscale face stimuli, fit behind an oval mask to eliminate the outer contour of faces,

without visible gender-specific features such as facial hair, jewellery or make up (see

6



Nagy, Krisztina Neural correlates of non-familiar face processing

Kovács et al. (2005)).

All measured data was collected from healthy adult participants who gave in-

formed consent, thus the main findings may be generalized to the entire population.

Although face perception is widely researched in primates with behavioural (see for

review: Parr (2011)), electrophysiological (Kobatake and Tanaka (1994), Wang et al.

(1996)) and imaging techniques (Tsao et al. (2003), Tsao et al. (2008b), Tsao et al.

(2008a), Tsao and Livingstone (2008), Freiwald et al. (2009)), the present study only

reviews human studies due to the nature of the measured data and size constraints.

2 Face processing

2.1 History of face research

Faces are of great importance in human social life, transmitting information about

the identity, gender, age, ethnicity and mood of the person in the focus of our

attention. We therefore have the capacity to easily interpret the social meaning and

to distinguish between faces, even if they are relatively similar to each other from a

visual perspective (having an identical structure, consisting of two eyes in the upper

third of the face, a nose in the middle and a mouth in the lower third of it). Our

capability to recognize faces under different circumstances is also outstanding. We

easily find our acquaintances in a dimly lit pub or recognize them on photos taken

twenty years ago. Different hairstyle, hair colour, glasses or make-up also leaves our

recognition intact.

This relative stability of perception makes faces good candidates for scientific

research, ranging from structural coding to the recognition of facial emotions and

identity. Various methods are used to measure face relevant brain responses, e.g.

behavioural, electrophysiological and brain imaging techniques.
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Research on face processing began as early as the seventies of this century (for

a detailed history cf. Schweinberger (2011)). The first phase of research (before

1985) focused on the lateralization of face-relevant brain responses. The first study

linking face processing to the right hemisphere was published in 1971 by Rizzolatti

and colleagues (Rizzolatti et al. (1971)), who used behavioural methods to reach

this conclusion. The first neuropsychological dataset from brain damaged patients

also confirmed the right lateralization of faces: Milner demonstrated that right, but

not left, temporal lobe lesion leads to face-memory impairment (Milner (1982)).

However, lateralization of face perception was still not widely accepted, for example

Damasio and colleagues (Damasio et al. (1982)) published data about the necessity

of bilateral lesion for prosopagnosia (selective impairment of face recognition)(for a

different conclusion see Lhermitte and Pillon (1975)). The first electrophysiological

studies confirmed that presentation of a face or the anticipation thereof results in a

dominantly right hemisphere negative variation (Small (1983); Sobótka et al. (1984)).

The second phase of research on face perception was concerned with the special

neuronal mechanisms which accompany face perception. As the number of electrodes

were relatively low in those years, source localization was not possible, however, Jef-

freys et al. already found that parietal electrodes show more prominent face-relevant

changes (Jeffreys (1989)). The first face-relevant component identified was described

in 1989: the Vertex positive potential (VPP) is a positive component approximately

150 ms after stimulus onset, with maximal amplitude at central electrode cites (Jef-

freys (1989); Jeffreys and Tukmachi (1992); Jeffreys et al. (1992); Jeffreys (1993)).

In the mid-1990s a new face-relevant component, the intracranial N200 (Allison

et al. (1994)), was described as a result of applying intracranial electrodes in an

epileptic patient. Parallel with this study, Bentin et al. measured a dominantly right-

lateralized component over the occipitotemporal scalp electrodes, the N170 (Bentin

et al. (1996)). Comparably similar brain areas were found in connection with face
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processing in the first imaging study, which was published around the same time

(Sergent and Signoret (1992)). Studies before the mid-nineties focused mainly on

face perception rather than recognition. The first study about neural correlates of

face recognition was published by Schweinberger et al. (1995), which described the

face repetition-related N250r component.

Between 1995 and 2000 magnetoencephalography (MEG) studies found similar

latencies for faces as previous event-related potential (ERP) experiments did. Since

then the number of MEG and ERP electrodes increased exponentially, which allowed

source localization. Together with the functional imaging studies, a number of face-

relevant regions were identified relatively precisely.

Recently face-processing networks have been explored in connection with different

face-relevant tasks (Haxby et al. (2000); Ishai (2008)). In the following sections face-

relevant ERP components and brain areas are discussed in detail.

2.2 Electrophysiological correlates of face processing

2.2.1 P100

Until now only few publications have discussed the P100 component in face process-

ing. This is the first face-relevant component 100 ms after presenting face stimulus

over occipitotemporal electrode sites (largest amplitude on Oz and P1). This com-

ponent was first described by Linkenkaer-Hansen et al. (1998). They identified an

ERP component around 120 ms post-stimulus onset over the posterior occipital elec-

trodes, which showed latency and amplitude increase for inverted faces compared to

upright ones (this was called the P120 component). They concluded that "a degree

of face-selective processing takes place also in the early latency range of 100–130

ms" (Linkenkaer-Hansen et al. (1998) p. 150.) Similar to these results Itier and

Taylor (2002) also found an increase in latency and amplitude for inverted, but not
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for contrast-reversed faces. Indeed, the reduced amplitude for contrast-reversed faces

may support the hypothesis that P1 could reflect the physical variation of the stimuli

and not face processing per se. Another plausible hypothesis for the role of P100

is attention. Rossion et al. (1999a) measured P100 in face recognition and gender

discrimination tasks and found larger amplitude in case of recognition than discrimi-

nation. According to their interpretation of the results, more complex discrimination

task requires more attentional resources, therefore P100 amplitude is larger.

A more detailed experiment in 2000 modelled the role of P100 in face perception

(Halit et al. (2000)). The participants were exposed to prototypical and atypical

faces. They found that stretched faces elicit larger P100 amplitude than veridical ones

but they failed to find any effect on the latency (Halit et al. (2000)). They interpreted

their results as an argument for P100 being a factor of rapid face processing. In

contrast with Rossion et al. (1999a), they suppose that a component as early as the

P100 may already reflect face-specific neural mechanisms.

Similarly to Halit and colleagues’ work, Liu et al. (2002) also supported the role

of P100 in pictorial coding in a developmental study. They found that children have

increased P100 amplitude in the younger age groups and later this effect gradually

decreases until the teen ages. This component seemed to be more sensitive to eyes

than to entire faces in children, suggesting the existence of an "early matured eye

detector" (Taylor et al. (2001)). The role of P100 as an eye-detector gradually

decreases with time and disappears in adulthood.

However, with the first article published in 1998, little research on P100 was

conducted. Moreover, the published data is controversial; some studies did not find

any modulation of the P1 after presenting faces (Rossion et al. (1999a), Rossion et al.

(2003b)), while other studies reported a significant effect (Linkenkaer-Hansen et al.

(1998); Taylor et al. (2001) Itier and Taylor (2002), Itier and Taylor (2004)). To

clarify these questions more systematic studies are needed.

10



Nagy, Krisztina Neural correlates of non-familiar face processing

2.2.2 N170

N170 is the most widely researched ERP component of face perception, a negativity

recorded from posterior lateral electrode sites following the presentation of faces and

object categories. (see Figure 1, Rossion and Jacques (2008)). It peaks at about

160–170 ms following stimulus onset and is recorded between 130 ms and 200 ms.

Figure 1: The N170 component is most prominent on occipitotemporal electrode sites, usually
largest on P8 or PO8. N170 is associated with a positivity on the vertex, VPP, which shows
identical response properties. (Rossion and Jacques (2008) p. 1960.)

The first systematic series of experiments was carried out by Bentin et al. (1996).

They varied the type of stimuli presented without modifying low level qualities such

as luminance and contrast to test the sensitivity of N170. Faces elicited higher

amplitude of N170 over occipitotemporal electrodes (T5 and T6) than scrambled
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faces, animal faces, butterflies, cars and pieces of furniture. The amplitude was

slightly larger on the right side. Not only upright faces but also inverted ones elicit

N170, in which case the component emerges somewhat later. This finding suggests

that N170 is not responsible for face recognition but more likely for structural coding.

To further test this hypothesis, Bentin et al. compared the N170 elicited by isolated

eyes, nose and mouth with N170 for upright faces. Eyes elicited larger amplitude

than faces on both hemispheres but the latency was longer, while nose and mouth

showed a smaller N170 that emerged later. These results suggest that N170 is not a

correlate of early coding of the structural features characterizing human faces (Bentin

et al. (1996)).

However, Bentin and colleagues measured N170 over T5 and T6, while later stud-

ies working with the standard 10-10 system found the biggest N170 over occipitotem-

poral P7 and P8 electrodes. Since Bentin’s work tens of studies measured the N170

component among various stimulus modifications (size, eccentricity: Jeffreys et al.

(1992); intermixing of inner facial features: George et al. (1996); veridical orienta-

tion: Rossion et al. (1999b); contrast reversal: Itier and Taylor (2002); addition of

visual noise: Jemel et al. (2003b)).

Thierry et al. (2007) claimed that the face-specificity of the N170 is a methodolog-

ical artefact, due to the smaller stimulus variance within the face category compared

to that within other animal and object categories (see Figure 2, Rossion and Jacques

(2008)). Although the this work started a debate about the existence of N170, there

is now a strong consensus about the role of N170 in face perception.

If the inter-stimulus variance is bigger, then there is an inter-trial jitter in the peak

latencies of N170. This jitter would cause an amplitude reduction (Regan (1989))

in the grand averages. Later it was proved that faces trigger larger N170 even if the

stimulus variance was properly controlled.

The face sensitivity of N170 is linked to the cortical processes that are responsible
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Figure 2: Thierry et al. argued that in face research face stimuli is always presented at the same
position, size and viewpoint, which is why the physical variance is much higher in case of other
objects, such as cars, which are shown from different viewpoint. The averaged face stimuli is still
recognized as a face, but the different objects became unrecognisable after averaging. (Rossion and
Jacques (2008) p. 1961.)

for face processing (Calder et al. (2011a)). N170 seems to be unaffected by similarity

of faces (Bentin and Deouell (2000), Bentin and Deouell (2000); Eimer (2000)),

showing that this component is associated with stages of processing that precede

identification. Even if N170 is unaffected by familiarity, it shows repetition effects for

unfamiliar faces. After presenting the same unknown face twice in rapid succession,

the amplitude of N170 decreases significantly compared to trials where the two faces

were different (Jemel et al. (2005)). This effect emerges even if we present the same

face twice from a different viewpoint (Caharel et al. (2009)). Another important

characteristic of N170 is the lower sensitivity to emotional facial expressions. It seems

that emotional expressions affect the anterior electrodes in a time window identical

to that of the N170, but the posterior electrodes do not show any modulation (Eimer

and Holmes (2002); Eimer and Holmes (2007)). This finding is in accordance with

the famous model of Bruce and Young (1986), which claims that emotional and

structural processing represent two parallel stages of face processing.

The role of N170 was measured in case of various psychological effects. Since

Bentin et al. (1996) reported that N170 is sensitive to face inversions, several studies
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addressed this question. The N170 is delayed in latency in case of inverted faces

and larger amplitude (Eimer (2000); Rossion et al. (2001); Sagiv and Bentin (2001)).

If the inversion disrupted face processing then the amplitude of face-sensitive N170

would be smaller instead of being larger. There are several competing hypotheses

to explain this effect. Itier et al. (2007) suggested that the inversion effect is linked

to the recruitment of face-selective cells. Upright faces do not activate eye-selective

cells because they are processed holistically. These holistic processes are interrupted

by inversion, therefore eye-selective cells take part in the process. Rossion and col-

leagues’ hypothesis (Rossion et al. (2000b)) claims that both upright and inverted

faces recruit face neurons but the latter also use object-sensitive neurons (Calder

et al. (2011a)). Although this debate is still ongoing, Rossion et al.’s theory is

supported by several other studies applying different stimuli such as scrambled and

spatially misaligned halved faces.

2.2.3 VPP

While N170 is the first negativity for face stimulus over the occpitotemporal elec-

trodes, in the same time window the VPP can be measured over the Cz electrode.

The first face-relevant ERP studies already reported it (Jeffreys (1989); Bötzel and

Grüsser (1989)) and this component was identified earlier than the face-sensitive

N170. There was a debate about the similarity of neural mechanisms underlying

N170 and VPP (Calder et al. (2011a)). Now it is generally accepted that the two

components are strongly associated along a wide variety of experimental manipu-

lations (Itier and Taylor (2002); Jemel et al. (2003a); Joyce and Rossion (2005)),

suggesting that they reflect the same neural mechanisms. Joyce and Rossion (2005)

found a possible explanation for the difference in the amplitude, which was found

in different studies. They claimed that the choice of reference is responsible for the

different amplitudes of the two components: with a mastoid reference the amplitude

14
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of the VPP is maximal compared to the N170, while the case is the opposite if we

apply the nose as a reference. In their paper they recommend to use common average

reference for measuring both components with minimal distortion.

2.2.4 P220

The occipito-temporal P220 component is a positivity between 200-250 ms after

stimulus presentation. It has a larger amplitude to photographic faces compared to

half-tone Mooney faces (Latinus and Taylor (2006)) and to veridical faces compared

to Thatcherized faces (Milivojevic et al. (2003)). Halit et al. (2000) found a similar

effect when comparing normal faces to distorted ones. Larger P2 component was

measured for faces from our own race (Wiese et al. (2008)) but this effect does not

exist in experts (Stahl et al. (2008)). P2 also shows sensitivity to facial age, it has a

larger amplitude for younger than for older faces(Stahl et al. (2008)).

The role of P2 is to process spatial relations between facial features in individual

faces (Latinus and Taylor (2006)) and to initiate the individual recognition mech-

anisms (Halit et al. (2000)). P2 also identified as a decision difficulty component

(Philiastides et al. (2006)), however, a recent study claimed that the P2 is not an

overall difficulty component but reflects the noise-sensitive increase of sensory pro-

cessing (Bankó et al. (2011)).

2.2.5 N250

The immediate repetition of face stimuli triggers an ERP component in the time

range following the N170 as well. This is the N250(r) component that has a more

anterior and inferior distribution compared to N170 (Schweinberger et al. (1995);

Schweinberger et al. (2002a), Schweinberger et al. (2002b)). This repetition effect

is lateralized to the right hemisphere. This effect is significantly larger for familiar

faces than to non-familiar ones (Begleiter et al. (1995); Schweinberger et al. (1995),

15



Nagy, Krisztina Neural correlates of non-familiar face processing

Schweinberger et al. (2002a), Schweinberger et al. (2002b); Herzmann et al. (2004)).

However, non-familiar faces also trigger N250 if their repetition is immediate but

the amplitude of the N250 is smaller. Attentional resources also play a role in the

emergence of N250. If the perceptual load is manipulated by using two central items,

N250 is reduced or even eliminated under high load (Neumann and Schweinberger

(2009)).

Recently the scope of emergence has been discussed in details. The enhanced

N250 for the participants’ own face (own face N250 effect) was tested in case of

highly familiar self-relevant objects, such as their dog or car. It was found that own

objects also trigger larger amplitude of N250, therefore, it may be a "sensitive index

of individuated representations in visual memory" (Pierce et al. (2011) p. 1.)

2.3 Functional imaging correlates of face perception

Besides ERP and MEG, during the last two decades neuroimaging methods have

become more and more important. After the first articles were published in the

1990s about the face-selectivity of an area located in the middle fusiform gyrus, the

fusiform face area (FFA) (Kanwisher et al. (1997), Kanwisher et al. (1999)), a whole

network of face-relevant areas was described. The most well-established areas are the

FFA, occipital face area (OFA), and the posterior superior temporal sulcus (pSTS).

(See Figure 3, Iaria et al. (2008)).

2.3.1 Fusiform face area (FFA)

The FFA was described by Kanwisher et al. (1997) as an area in the lateral fusiform

gyrus, which shows higher activation for faces than for other objects. Neuroimaging

studies also showed FFA lesion in several prosopagnosia patients (Barton (2008)), a
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Figure 3: Localization of face relevant cortical regions in the right hemisphere. A. right FFA, (x =
47, y = -52, z = -16), B. right STS, ( x = 57, y = -50, z = 16), C. right OFA, (x = 49, y = -70, z
= -8). (Iaria et al. (2008) p. 414.)

finding that also supports the role of FFA in face perception.

Immediately after the description of FFA the question of real face-specificity versus

sensitivity to lower-level features emerged. Face selectivity is supported by the fact

that lower-level variability does not change face-selective activity in the FFA. Photos

of human faces trigger the same activation even if they are presented in frontal or

in profile view (Tong et al. (2000)). Reduced images, such as line drawing (Spiridon

and Kanwisher (2002)) or Mooney faces (two tone stylized pictures) elicit similar

activation to veridical faces.

FFA is engaged in various aspects of face processing, such as structural encoding,

identity recognition, and processing of social cues (Calder et al. (2011b)). Whether

FFA has a role in face detection is still debated. Neuropsychological data does not

entirely support this conclusion, because many patients with FFA impairment are

able to perform basic level face – non-face discrimination (Barton (2008)). How-

ever, some studies described face detection deficits in developmental prosopagnosia,

especially in case of demanding tasks (Garrido et al. (2008)).

Many studies showed that FFA takes part in structural encoding of faces; it is

sensitive to basic physical structure, the presence of facial features and their config-

uration (Liu et al. (2010); Calder et al. (2011b)). FFA mirrors behavioural effects,

the face inversion effect (Mazard et al. (2005); Yovel and Kanwisher (2005)) and the
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composite face effect (the difficulty to recognize the top half of a face, when it is

aligned with a new bottom half)(Young et al. (1987); Schiltz and Rossion (2006);

Schiltz et al. (2006); Mondloch and Maurer (2008)).

The most well-known role of FFA is in the identification of faces. Several adap-

tation (change over time in the responsiveness of the sensory system to a constant

stimulus) studies showed that FFA is sensitive to differences in identity (Yovel and

Kanwisher (2004); Avidan et al. (2005); Eger et al. (2005); Rotshtein et al. (2005)).

The adaptation effect (longer exposure to a given stimulus, the adaptor stimulus,

reduces the activity of the selective neuronal populations and biases the behavioural

responses) on identity is consistent even if the adaptor and the target are presented in

different places (Grill-Spector et al. (1999)) or in different sizes (Andrews and Schlup-

peck (2004)). Rotshtein and colleagues applied a morphed continuum to prove that

FFA really processes identity and not similarity of lower-level features (Rotshtein

et al. (2005)). If the participants perceived two morphed faces as identical then the

activity reduced in the FFA, while this reduction did not emerge when the partici-

pants perceived a change in the identity of the presented faces. This study gave the

ultimate proof for the role of FFA in facial identity recognition.

The role of FFA in social cognition is highly debated. Some studies found higher

responses to emotional faces compared to neutral ones (Breiter et al. (1996); Vuilleu-

mier et al. (2001); Vuilleumier et al. (2003); Williams et al. (2004)). However, as this

enhancement is not specific to FFA, it may reflect general attentional enhancement

for emotional faces (Wojciulik et al. (1998)).

2.3.2 Occipital face area (OFA)

The OFA is considered to be a face-relevant area, which is positioned lower in the

processing hierarchy than the FFA. This activation of the occipito-temporal and in-

ferior occipital sulci was described by Puce et al. (1996) (Gauthier et al. (2000)). The

18



Nagy, Krisztina Neural correlates of non-familiar face processing

OFA is less face-selective (Schwarzlose et al. (2008)) but more sensitive to position

than FFA (Kovács et al. (2008)). Responses to faces presented in the contra- and

ipsilateral visual fields are not identical (Hemond et al. (2007)), like in the FFA, a

fact which supports the hypothesis that OFA is positioned between the early visual

cortices and the FFA in the cortical hierarchy (Liu et al. (2002); Rotshtein et al.

(2005); Pitcher et al. (2011)).

Several studies aimed to measure stimulus selectivity in the OFA. It "preferen-

tially represents the parts of faces, such as the eyes, nose or mouth" (Pitcher et al.

(2011) p. 481.) (Liu et al. (2010); Nichols et al. (2010)). Various adaptation stud-

ies showed that the OFA is sensitive to location and structural changes even if the

changes of identity are not perceived by the participant (Rotshtein et al. (2005)).

Considering the findings of several studies, OFA seems to be a position-specific re-

gion of face perception which represents mainly structural coding but may also play

a role in identity recognition (Hoffman and Haxby (2000); Yovel and Kanwisher

(2004)).

Neuropsychological studies proved that OFA is essential for normal face percep-

tion, the lack of OFA, therefore, missing feedback connections from the FFA, may

result in disrupted face perception (Rossion et al. (2000a)). In a case study (Ros-

sion et al. (2003a)) found that the lesion extending from the posterior part of the

right inferior-occipital gyrus into the right posterior fusiform gyrus lead to difficulties

in gender and identity discrimination, even if the right FFA was intact. However,

emotional face processing was preserved.

2.3.3 Superior temporal sulcus (STS)

Although, FFA and OFA are described in almost all functional imaging studies, STS

is only present in around 50% or 75% of the subjects (Kanwisher et al. (1997); Yovel

and Kanwisher (2005); Fox et al. (2009)). The functionality of STS was first described
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by Puce et al. (1998), who tried to identify the neural background of eyes and mouth

movements. Later studies also provide evidence that STS is involved in processing

eye gaze direction, emotional expressions and dynamic information (Haxby et al.

(2000); Winston et al. (2004); Andrews and Ewbank (2004)). While most agree

that STS is not involved in identity processing and face detection (Andrews and

Schluppeck (2004); Grill-Spector et al. (2004)), a different conclusion is suggested by

Fox et al. (2009). According to neuropsychological studies, the loss of STS leads to

impairment in facial expression processing (Fox et al. (2009)).

2.3.4 Lateral occipital complex (LOC)

One of the major areas of visual object processing is the lateral occipital com-

plex (LOC), which can be divided into two parts: the anterior–ventral and the

caudal–dorsal part (Grill-Spector et al. (1999)). The LOC was first described by

Malach et al. (1995), who measured increased activity for objects, including famous

faces as well, when compared to scrambled objects (Malach et al. (1995); Grill-

Spector et al. (1998)). Since then, the lateral occipital cortex is considered primarily

as an object-selective area, which is nevertheless invariably found to have elevated

activation for faces as well (Malach et al. (1995); Puce et al. (1995); Lerner et al.

(2001)), especially for inverted ones (Aguirre et al. (1999); Haxby et al. (1999); Ep-

stein et al. (2005); Yovel and Kanwisher (2005)). Other brain areas are also involved

in face perception, see detailed explanation later.

2.4 Models of face perception

Several models exist for explaining face perception from the perspective of neuro-

science, social psychology and neuropsychology. Here, only the two main branches of

cognitive models are described. Cognitive models of face processing differ in several
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key features, most importantly, they either posit the existence of a module

(Kanwisher et al. (1997); Kanwisher and Yovel (2006)) in face perception or a dis-

tributed network (Haxby et al. (2000); Haxby et al. (2001); Ishai et al. (2005); Ishai

(2008)).

One of the most well-known models of the neural background of face perception

was proposed by Haxby and Gobbini. Their first measurements in the 1990s showed

a distinct pattern in the ventral temporal cortex for faces and objects (Haxby et al.

(1999); Chao et al. (1999)). With the establishment of multivariate pattern analy-

sis (MVP) (Worsley et al. (1997)), it became possible to view responses to faces as

distributed population code (Haxby et al. (2001)). This method influenced domi-

nantly the formulation of their face network model in 2000 (Haxby et al. (2000)).

In this model, based on functional magnetic resonance imaging (fMRI) data, sin-

gle cell measurements, and neuropsychological case studies, two subsystems in face

perception were distinguished: the core and the extended system (see the schematic

representation of the model in Figure 4, Calder et al. (2011c). Upon testing the

theory, it soon became obvious that brain regions participating in face perception

are not restricted to the ventral temporal cortex. Instead, non-visual areas also show

a higher activity for face stimuli (face recognition: Haxby et al. (2000); Gobbini and

Haxby (2006) and gaze direction: Hoffman and Haxby (2000)). However, the core

system is localized in the occipitotemporal region and composed of the inferior oc-

cipital gyri OFA, the STS and the lateral fusiform gyrus (FFA). This core system is

responsible for all basic functions in connection with face processing. Meanwhile, the

extended system consists of brain regions responsible for other cognitive functions,

which may be recruited in order to extract the meaning from faces.

Face-relevant processes are distributed within the core system. The FFA is in-

volved in representing identity (Hoffman and Haxby (2000)), while the pSTS has a

role in the representation of changeable aspects and the movements of the eyes and
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Figure 4: Model of distributed neural systems of face perception (Calder et al. (2011c) p. 105.)

the mouth. The functional distinction between these two face-relevant areas has been

proved by several studies. Perception of eye and mouth movements produced higher

activity in pSTS, while it failed to increase activity in FFA (Puce et al. (1998)),

similarly to changes in gaze direction (Engell and Haxby (2007)). Selective attention

to identity increased FFA activity but not the activity in the pSTS (Hoffman and

Haxby (2000)). In case of identity and changeable aspects of faces, this distinction is

evident; however, emotional facial expressions evoke stronger responses in both areas

(Vuilleumier et al. (2001); Engell and Haxby (2007)). Another characteristic of FFA

and pSTS is that their activity is reduced by adaptation to repeated presentation of

face stimuli (Winston et al. (2004); Kovács et al. (2008)).

Later studies have proved that the core system is not restricted to FFA, OFA and

pSTS: other areas within the extrastriate cortex show significant activity for faces
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even if they do not respond maximally to face stimulus (Grill-Spector et al. (2004);

Rajimehr et al. (2009)). For example, anterior ventral temporal regions seem to be

active in discrimination of identities (Kriegeskorte et al. (2007);

Rajimehr et al. (2009)).

The extended system of face perception provides detailed information about the

other person (e.g. mood, intentions, level of interest) and facilitates communication

(Haxby et al. (2000)). Functions traditionally linked to the core system, such as

identity recognition, are modulated by the extended network as well. Immediate

retrieval of information about the identified individual, such as personality traits,

relationship with the self and the person’s intentions, is done by the extended system.

This system is not fixed, brain regions enter it to fulfill various requirements of the

given tasks. For example, Gobbini et al. (2004) compared personally familiar faces

with famous ones and found that the medial prefrontal cortex (MPFC) and the

temporo-parietal junction (TPJ) show higher activation for personally familiar faces.

Besides these areas the precuneus and the posterior cingulate cortex also get activated

by familiarity (Gobbini et al. (2004); Leibenluft et al. (2004)). Similar activation

patterns were found for maternal attachment in an experiment where mothers were

shown photos about their own children or other familiar children (Leibenluft et al.

(2004)). Faces with an emotional value for the viewer also activated insula and

amygdala. Amygdalae showed stronger activation for faces of strangers than for

familiar faces, while the activity of the insula rose for negative emotional valence,

such as expression of disgust (Calder et al. (2001); Phillips et al. (2003)). However,

while amygdalae activation is usually found in connection with negative emotions, it

also showed higher activity for faces of positive emotional valence (such as romantic

involvement; Bartels and Zeki (2000)).

A second task of the extended system, apart from processing emotionally charged

stimuli, is activating memories relevant to the presented face. These areas provide
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background knowledge about the person shown in the picture. The recruitment of the

MPFC, the TPJ, the anterior temporal cortex and precuneus starts automatically

after recognizing a familiar face.

A third task of the extended system is to analyse gaze direction and spatial at-

tention of the presented face stimulus. For this purpose the inferior parietal sulcus

and the frontal eye fields get activated.

The distributed processing theory emphasizes that face perception is more than

passive viewing: it also includes the recognition of familiarity, interpretation of ex-

pressions, understanding of gaze directions and recalling relevant memories (Calder

et al. (2011c)).

As opposed to this spatially distributed model, Kanwisher and Yovel (Kanwisher

et al. (1997); Kanwisher and Yovel (2006)) proposed a modular approach to face

perception. In their article in 2006 they highlighted the role of the FFA as a ’domain-

specific’ region for faces. Despite the increasingly popular view that supposes the

existence of distributed and overlapping neural networks in the background of cogni-

tive functions, Kanwisher and Yovel state that face perception has its own specialized

network that is not shared with any other functions. The central element of this net-

work would be the FFA. To prove the selectivity of FFA we need to consider the

’domain-general’ expertise hypothesis and the experiments that support it. The

most well-known experiment was carried out by Gauthier and colleagues (Gauthier

and Tarr (1997); Gauthier et al. (1998)), who managed to prove that after train-

ing for Greebles (highly-complex, novel, non-sense objects, divided into families and

sub-families), FFA activation increased for Greebles even if before the training they

did not trigger specific fusiform activation. Although this study would support the

relevance of the expertise hypothesis, Kanwisher and Yovel question it in several

points. First, they claim that Greebles, as highly complex objects, are similar to

faces, therefore they are not sufficient for measuring differences between faces and
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other categories of objects. Second, they argue against the size of the region of in-

terest used in the Gauthier study. With the use of 10 mm side length cubic region

of interests (ROI), they may have measured activity outside of the FFA, most prob-

ably from the fusiform body area (FBA) (Peelen and Downing (2005)) or from the

LOC, which shows high activation for different classes of objects, and also mirrors

the effect of training (Malach et al. (1995); Grill-Spector et al. (2001); Moore and

Engel (2001); Op de Beeck et al. (2007)).

Despite the methodological problems in the Gauthier study we cannot reject the

expertise hypothesis, as some neuropsychological studies also found supportive evi-

dence. For example, patients with developmental prosopagnosia were able to learn

the discrimination between Greebles and performed similarly to healthy controls

(Duchaine et al. (2004)) on the behavioural level. However, a more recent case study

showed that the learning of prosopagnosia patients is slower and neither their be-

havioural performance nor their activity level in the FFA reach that of the control

group (Bukach et al. (2012)).

While face perception is a widely researched and modelled area, there is still

no consensus about the brain areas involved. Most studies include FFA, OFA and

STS or superior temporal gyrus (STG), but other areas may also participate in face

processing. By modelling the effective connectivity between face-relevant areas we

found that the ventral-anterior LOC (LO) also serves as an input region of FFA

besides the OFA (for details cf. Nagy et al. (2012a)). Even though face-relevant

areas have been researched intensively for decades, new approaches may result in

exploring new face-relevant areas.

Besides the questions about face-selective regions another unsolved problem is

the ecological validity of our experiments. Most published studies applied isolated,

clearly visible faces as stimuli. This situation is far from real life, as most of the
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time we are exposed to multiple faces in parallel (e.g. classrooms, public transport

and crowded streets) and usually the faces are not perfectly visible but dimly lit

or noisy. Therefore, in order to build ecologically relevant models about perception,

research must address face processing under everyday conditions. In our experiments

we examined face-relevant decisions under highly demanding conditions by using,

among others, settings with added noise.

3 Processing of noisy stimulus

In most studies adding noise to face stimuli is aimed at making the face-relevant

decisions more complicated. The process of adding noise in most cases was done

by the mean-phase technique that replaces the Fourier-phase spectrum of the image

with random values ranging from 0 to 360 deg (Dakin et al. (2002)). Therefore, the

amplitude spectrum remains intact while shape information is removed.

By measuring ERP, previous studies reported that early changes due to phase

noise emerged around 120-140 milliseconds after stimulus presentation (Rousselet

et al. (2007)). For example Philiastrides and Sajda (Philiastides and Sajda (2006))

measured ERP for faces and cars; the phase coherence of their images was manipu-

lated to form a continuum ranging from 20% to 45% of coherence level. They found

noise-relevant manipulation on occipitotemporal sights both in early (170 ms) and

late (330 ms) time windows. Similar results were found by Jacques and Rossion

(Jacques and Rossion (2004); Jacques and Rossion (2006)). Their experiments were

concerned mainly with the ERP correlates of competition among faces. However,

they found that besides the amplitude reduction due to a peripherally presented

face, a peripherally presented noise image (scrambled face) also reduced the ampli-

tude of N170 to some extent.

Rousselet and colleagues (Rousselet et al. (2008)) in their study systematically
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varied the noise level added to face stimuli from 0 to 100% phase coherence. This

design is based on the hypothesis that the phase information of images is the key

feature in explaining the early responses to face stimuli. Previous psychophysical

works reached the same conclusion by testing the amplitude and the phase spectra

in the Fourier domain (Morrone and Burr (1988); Thomson et al. (2000); Wichmann

et al. (2006)).

Their results show that sensitivity to global phase information emerges around

120–130 milliseconds after stimulus presentation and continues in the next 25–40

milliseconds. Jemel et al. (2003a) found that the effect of noise on face N170 is

visible not only on the amplitude domain but also in the latency. If face processing

is disturbed by added phase noise, then N170 emerges later with a lower amplitude

that is a function of the noise-level of the face stimuli.

Perceptual decision making for noisy stimuli has another electrophysiological cor-

relate, which emerges slightly later than the N170. Philiastides and Sajda (2006)

measured decision making processes with phase noise added stimuli. Participants

carried out a face/car decision for stimuli containing various amounts of phase noise.

They found the modulation of both face-selective N170 and a later component, the

P200 to be a function of the added noise. They argued that the earlier modulation

shows the processing of lower level visual features, while the later component stands

for decision making processes. In their other paper Philiastides and Sajda (2006)

claim that this later decision-related component changes in function of task diffi-

culty and predicts behavioural accuracy. The more difficult the decision, the bigger

is the amplitude of the later component. They called this component D220 to refer

to the role of this component in difficult tasks.

Later studies have questioned the nature of the P220 component. For exam-

ple, Bankó et al. (2011) designed face gender categorization experiments where they

managed to dissociate the effect of noise processing from the overall task difficulty.
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Face-related decisions were made more complex either by applying phase noise added

(noise-present) or morphed (noise-absent stimuli) stimuli. ERP waveforms were dif-

ferent in the presence of noise than in the absence of it. The amplitude of N170 and

P2 were reduced in the noise-present trials, but this effect was not present in case of

complicated decisions about noise-absent stimuli.

As it is evident from reviewing the literature, most of the studies applied noise

to manipulate the complexity of face-relevant decisions. According to the nature of

added noise we can distinguish between studies that applied Fourier phase-randomized

versions of faces (Rossion et al. (2002)), scrambled faces (Jacques and Rossion (2004);

Jacques and Rossion (2006)) or added Gaussian noise to the images

(Jemel et al. (2003a); Jemel et al. (2010)).

Only few studies focus on the systematic modulation of the added noise and its

electrophysiological correlates, such as the work of Rousselet et al. (2007); Rousselet

et al. (2008) or Bankó et al. (2011). In our study we aimed to compare the effect

of various kinds of task-irrelevant (noise) stimuli on the ERP correlates of faces.

Therefore, besides using Fourier phase noise, we added an overlapping irrelevant

figure to the face stimuli (Nagy et al. (2009)). Compared to other studies, e.g.

Sreenivasan et al. (2007), we manipulated the opacity of elements of the composite

and asked participants to perform face-relevant decisions. Car overlays from a frontal

view were applied as their structural properties are similar to human faces and their

intra-category variability is low.

4 Processing of multiple stimuli

Besides adding noise to face stimuli we applied multiple face settings to make the face-

relevant decisions more ecologically relevant and complex. In the first experiment we

triggered adaptation with an multiple face settings (MFS) and measured the neural
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correlates of the effect, while in the second experiment we tested the interactions

among the concomitantly presented face stimuli.

4.1 Face adaptation

Repeated stimulus presentation can alter perception in several ways. One way is per-

ceptual priming, when the repeated short exposition (<1 s) to the stimulus enhances

the subsequent recognition (Zimmer and Kovács (2011b)). If the stimulus presen-

tation is long (longer than cc. 3 seconds), then visual after-effects appear. The

prolonged exposure to the adaptor biases the perception of the target stimulus. For

example, after adaptation to a downward moving surface, the presented stationary

stimulus seems to move upwards (movement after-effect).

The first high level stimulus adaptation study was published as late as 1999 by

Webster and MacLin (Webster and MacLin (1999)). Since then, several studies

applied adaptation to test face-related neural mechanisms (Webster and MacLin

(1999); Leopold et al. (2001); Rhodes et al. (2003); Webster et al. (2004); Fang and

He (2005); Kovács et al. (2006); Jenkins et al. (2006); Schweinberger et al. (2007);

Jaquet et al. (2007); Fox and Barton (2007); Ryu et al. (2008); Zimmer and Kovács

(2011a)). Besides faces, other highly complex objects can trigger after-effects, such

as human hands (Cziraki et al. (2010)).

Behavioural studies showed that several different types of face after-effect (FAE)s

exist. For example, a longer exposure to a configurally distorted face (locally dis-

tended or constricted images relative to the nose) leads to a physically biased per-

ception. In the present case the perception of the veridical face is biased towards

the adapting distortion in order to compensate for the opposite distortion (Webster

and MacLin (1999); Webster and MacLeod (2011)). Similarly to the face distortion

after-effect (Webster and MacLin (1999); Zimmer and Kovács (2011a)), identity and
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gender can also trigger FAEs.

Leopold et al. (2001) applied various identities as adaptor stimuli. In their exper-

iment the stimuli varied along the ’identity trajectory’ defining a multidimensional

face-space ranging from individual faces to the average face (see Figure 5).

Figure 5: Face space with artificially generated faces. Original face is signed by a green ellipse, the
average face is singed with blue. Numbers indicate ’identity strength’. (Leopold et al. (2001) p.
90.)

Increasing the distance from the average face moves us towards a distinct identity.

Moving in the opposite direction from the average, an anti-face with complementary

characteristics is situated. If the original face (let us call her Eva) had round face,

sharp nose and big eyes, then the anti-face of Eva (anti-Eva) would have oval head,

small eyes and pointed nose. After adaptation with Eva, the perception of the average

face was biased towards anti-Eva. Similar FAE emerge in case of gender adaptation.
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For example, after adapting with a highly feminine face (let us say Marilyn Monroe),

the perception of the average face (the population average that lacks both female and

male characteristics) will seem more masculine (Kloth et al. (2010)). Besides these

features, several other characteristics were tested in connection with face perception

(for example facial expressions: Xu and Biederman (2010); Engell et al. (2010); Pell

and Richards (2011); gaze direction: Kloth and Schweinberger (2010); and view

point: Bi et al. (2009)). FAE are more or less invariant to changes in size (Rhodes

et al. (2004); Anderson and Wilson (2005); Kovács et al. (2006)), orientation (Rhodes

et al. (2003); Watson and Clifford (2003)) and contrast (Yamashita et al. (2005)).

4.2 Neural background of FAE(adaptation)

Before discussing in detail the neural background of adaptation one should make

clear the distinction between adaptation and priming on the neuronal level. Both

phenomena are associated with reduced activation in the occipitotemporal cortex.

However, Ganel et al. managed to distinguish adaptation- and priming-sensitive

regions (Ganel et al. (2006)). Within the fusiform and parahippocampal gyri, adap-

tation seems to reduce activity in the posterior region, while priming affects more

the anterior medial region.

FAE are often explained by the impact of adaptation on a two-channel norm-

based opponent code (Leopold et al. (2001); Anderson and Wilson (2005); Rhodes

and Jeffery (2006); Calder et al. (2011d)). In case of two-channel opponent coding

neurons are organized in complementary pairs, where one pool of neurons replies

maximally to one extreme of the stimuli while the other pool replies maximally to

the other extreme (e.g. red-green channels in early stages of colour coding). When

the two pools are activated equally (equilibrium), the perceptual mid-point is reached

(See Figure 6a, Storrs and Arnold (2012)). In case of faces several opponent coding
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channels are supposed to exist. Therefore, adaptation to an individual face would

reduce the activity in channels that are the most stimulated, causing the previously

showed average face to seem as a relative opposite to the adaptor

(Storrs and Arnold (2012)).

An alternative explanation could be the existence of a multichannel coding sys-

tem. In this case we suppose that each channel is tuned to a given stimulus value,

similarly to the orientation cells in primary visual cortex (V1) (Hubel and Wiesel

(1962)). When a channel is activated it can transmit information about the stimulus

value within its tuning range. Therefore, the perceived value would be the average

activity of activated channels, weighted according to the activation level of the chan-

nels (See Figure 6b, Storrs and Arnold (2012)) (Barlow and Hill (1963); Storrs and

Arnold (2012)). Perceptual after-effects appear because the reduced responses of the

activated cells bias the population average (Storrs and Arnold (2012)).

Most studies support the existence of opponent coding, starting with the first face

after-effect study done by Webster and MacLin (Webster and MacLin (1999); MacLin

and Webster (2001); Rhodes et al. (2003); Watson and Clifford (2003); Robbins et al.

(2007)).

In opponent code, stimulus value at the equilibrium point does not create per-

ceptual after-effect. For example, in colour coding, the subjective mid-point (grey

or white) does not create colour after-effect (Webster and Leonard (2008)). On a

higher level, adaptation to an androgynous face would not bias the perception of

the subsequently presented face stimuli (See Nagy et al. (2012b); Experiment 4).

Another important feature of norm-based coding is the direction of the perceptual

bias. The after-effect always biases the perception into the opposite direction along

the stimulus dimension (Leopold et al. (2001); Rhodes and Jeffery (2006)).

Although most results support opponent coding, not all FAE can be thus ex-

plained. For example, the after-effects induced by eye gaze direction (Seyama and
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Figure 6: Graphic depiction of adaptation in (a) an opponent code, and (b) a multi-channel code.
The top row (i) shows channel activity in reply to different stimulus values before adaptation. The
dark curves in the second row (ii) show channel activity after adapting to a stimulus value of +20
(units are arbitrary), as indicated by the red arrow. The faded, dashed curves show non-adapted
responses for comparison. The bottom row shows perceptual judgements predicted by the neural
codes above for a ternary classification task, assuming a fixed set of decisional criteria. The dark
curves in row (iii) show the predicted likelihood of classifying each stimulus value as belonging to
the lower category (blue), as being neutral (black), or as belonging to the upper category (magenta)
after adapting to the stimulus value indicated by the red arrow. The faded, dashed curves represent
the same probabilities before adaptation. Note first that the upper and lower category boundaries
(i.e. their intersections with the middle curve) shift equally and symmetrically in an opponent code
but not a multi-channel code. Note second that the classification of the adapting stimulus itself
(at the site of the red arrow) changes in an opponent but not a multi-channel code.) (Storrs and
Arnold (2012) p. 8.)

Nagayama (2006)) and head orientation (Fang and He (2005)) seem to be better

explained by a multichannel coding system (Lawson et al. (2011)).

To test the neural background of these behavioural effects, fMRI adaptation

(fMRI-A) is a useful tool. It was invented by Grill-Spector and Malach (Grill-Spector

and Malach (2001)) for testing the functional properties of specific neuronal popula-

tions. This method enables us to have an insight of the working of neuronal groups.

When using traditional fMRI analysis, minor effects are eliminated due to spatial av-
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eraging. fMRI-A improves the sensitivity of fMRI measurement, thus the activation

of smaller neuronal groups become measurable in the human brain. This method

has two stages. First, neuronal population is adapted to the repeated presentation

of a single stimulus. Afterwards, a feature of the stimuli is varied and the extent of

recovery from adaptation is assessed. If there is no recovery from adaptation then the

neurons are not sensitive to the changed features. Meanwhile, higher activation for

the new stimulus shows the sensitivity of neurons to the given feature (Grill-Spector

and Malach (2001)).

Electrophysiological studies showed that the primary correlate of face adaptation

is the amplitude reduction of the N170 component (Kovács et al. (2005); Jaquet

et al. (2007); Eimer et al. (2010); Kloth et al. (2010)) and in parallel the M170 MEG

component (Harris and Nakayama (2007)). Source localization positions the N170

component to the lateral fusiform gyrus, which is in accordance with the results of

fMRI adaptation experiments.

Several fMRI studies found adaptation in the FFA (Andrews and Ewbank (2004);

Rotshtein et al. (2005); Loffler et al. (2005); Fang et al. (2007); Xu et al. (2009);

Nagy et al. (2012b)). However, other brain areas are involved as well. Andrews and

Ewbank (Andrews and Ewbank (2004)) found that face-selective LO showed adap-

tation of size but not viewpoint (for similar results see Grill-Spector et al. (1999)).

STS does not show any adaptation effect for identical faces but seems to be sensitive

to view points. This supports the face processing theory of Haxby and colleagues

(Haxby et al. (2000); Hoffman and Haxby (2000)), where STS) has a role in process-

ing changeable aspects of faces.

Most of FAE and face adaptation studies applied single faces as adaptors, therefore

their ecological validity was low. In our study we tested the effect of multiple adaptors

to prove that we can extract statistical information from multiple face settings. If

a spatially distributed adaptor can trigger FAE then the nervous system is able
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to extract the relevant information from the adaptor faces. Besides behavioural

measurement we applied fMRI to test neural correlates. In our paradigm we intended

to test the existence of adaptation for multiple face settings in both FFA and OFA.

As our stimuli were spatially non-overlapping, they gave us the opportunity to test

position specific effects as well. (See for details: Nagy et al. (2012b)).

In case of multiple adaptation the presented multiple stimuli as a whole triggers

behavioural results. However, in case of presenting more stimuli, a mutual interac-

tion, the so called sensory competition, is also possible.

4.3 Sensory competition

Sensory competition is defined as two or more stimuli presented in the receptive

field and interacting in a mutually suppressive way (Beck and Kastner (2009)). This

idea was first published by Desimone and Duncan (Desimone and Duncan (1995);

Desimone (1998)), posturing three axioms. According to the first, the brain systems

representing sensory information work in a competitive manner, therefore competi-

tive interactions among sensory objects are automatic. The second axiom states that

this competition is a controlled process on each and every level of the sensory sys-

tem. Thirdly, competition among systems is ’integrated’ (Beck and Kastner (2009)).

Mutual interaction among stimuli can be biased by a number of factors: the salience

of the stimuli or its lower-level features trigger a bottom-up bias, while feature-based

or spatial attention result in top-down bias.

Sensory competition has been studied on several levels of the visual system using

various methods, such as single cell registrations, human ERP, and fMRI measure-

ments. From single-cell studies it is known that competitive interactions are already

present in V1. If an additive stimulus is presented in the surrounding area of the

measured cell, the activity decreases as a function of central and peripheral selectiv-
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ity (Levitt and Lund (1997)). If neither of the presented stimuli is attended, then

the firing rate of the cell would be the weighted average of the same stimuli presented

alone (Desimone and Duncan (1995); Desimone (1998); Gentile and Jansma (2012)).

In visual area 2 (V2) Reynolds and colleagues (Reynolds et al. (1999)) found

that interactions are interconnected with the direction of stimuli. If reference and

probe stimuli are selected to give identical responses, then matched stimuli cause

an identical response to reference stimuli. However, if the probe itself elicits larger

response than the reference, then the two together elicit greater response than the

reference alone. On the other hand, if the probe is non-preferred and elicits low firing

rate, then the compound also shows signal reduction. As the probe becomes more

non-preferred, suppressive interactions become stronger.

Missal and colleagues observed that stimuli also compete for representation in the

inferior temporal cortex (IT). As this region is sensitive to the shape, colour and

texture information, competitive interactions are defined by these characteristics.

If overlapping shapes differ in colour or texture and are easy to distinguish, no

interactions emerge (Missal et al. (1997)). However, if a background shape was

presented, firing rate of the measured cell decreased significantly, parallel to the

size of the background. This effect was also present if the shape or colour of the

background was similar, thereby interfering with the target shape (Missal et al.

(1997)).

Perceptual characteristics of the background shape have an effect not only on

the firing rate but also on its retinal position. Both overlapping and non-overlapping

stimuli trigger signal reduction, however if the background stimuli is non-overlapping,

its absolute position is crucial. Contralateral positions reduce the signal more effec-

tively than ipsilateral ones. Suppressive interactions are also found in middle tem-

poral visual area, also called visual area 5 (MT). Pairs of moving stimuli elicit lower

firing rate than the sum of the two stimuli presented separately (Britten and Heuer
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(1999); Snowden et al. (1991)).

As we have already seen, competition exists on different levels of the visual system

both along the ventral and dorsal pathways. The strength of this effect is highly

determined by the size of the receptive fields on the given area. In V1 and V2,

relatively small displays (2°× 2°) are needed to elicit maximal competition (Beck

and Kastner (2005); Beck and Kastner (2007)). Meanwhile, the size of displays grows

parallel to receptive fields. In visual area 4 (V4), MT 4°× 4° displays are optimal,

while IT seems to be insensitive to the increase of the display size (Beck and Kastner

(2005); Beck and Kastner (2007)). Spatial separation also influences the strength of

competition. By varying this factor systematically, Kastner and colleagues (Kastner

et al. (2001)) measured the size of receptive fields at an eccentricity of 5.5° , which is

smaller than 2° in the V1, 2–4° in V2, 4–6° in V4 and larger than 7° in IT.

While single cell studies mainly used simple bars, Gabor patches, or geometric

shapes to test competition, ERP studies proved the existence of such effects with

complex objects, such as faces. Rossion and colleagues performed a series of experi-

ments to explore ERP correlates of competition (Jacques and Rossion (2004); Jacques

and Rossion (2006); Jacques and Rossion (2007)). A peripheral non-attended face

stimulus presented with a centrally presented and attended face reduced the am-

plitude of N170. This effect is more articulate in the right hemisphere on occipi-

totemporal electrodes. However, the validity of this experiment is questionable as

the attended, centrally-presented face was on screen during the whole experiment.

Therefore, adaptation effects could not be ruled out. Similar results were found

for face/object displays with intracranial filed potential recordings and ERP as well

(Agam et al. (2010)). Surprisingly, a relatively small number of fMRI studies have

investigated sensory competition. Kastner and colleagues applied simple geometric

patterns, either forming a strong perceptual group (Kanizsa square) or not, to test

suppressive interactions (Kastner and Ungerleider (2001)). On the one hand, if a
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perceptual group was built up, no competition was found. On the other hand, if

the elements were processed separately, strong suppressive interactions were found

in V1.

Later stages of ventral visual stream also show sensitivity towards multiple object

displays. Axelrod and Yovel applied composite stimuli, containing preferred and

nonpreferred stimuli. Faces and glasses were chosen as appropriate stimuli types

for FFA. If a preferred (face) and a nonpreferred (glass) stimulus were presented

on each other (Axelrod and Yovel (2011)), significant release from adaptation was

found. This suggests that FFA is sensitive to nonpreferred stimuli on the preferred

one and that there is an interaction between the face and the glass stimuli in a joint

presentation.

Only one study applied two faces to test competition in the fMRI in a serial

presentation paradigm (Gentile and Jansma (2010)). Pairs of faces were used as

distractor stimuli, while subjects had to discriminate the line-width of centrally pre-

sented bars. Non-attended faces elicit lower signal change than attended ones and

their similarity influenced neural activation.

In the traditional sensory competition paradigm none of the stimuli should be

attended. Therefore, if one of the stimuli is attended then it will bias the competi-

tion. These effects are explained in detail by Desimone and Duncan (Desimone and

Duncan (1995)) in their biased competition theory. This model states that objects

are competing for representation and this competition is stronger if the competing

objects activate cells in the same local region of the cortex. Competition can be

biased in favour of one stimulus by bottom-up and top-down mechanisms. Attention

to one stimuli suppresses the inhibition effect of other stimuli. This top-down bias

originates from the prefrontal cortex and is not purely spatial (Desimone (1998)).

Bottom-up mechanisms refer to stimulus-driven signals, such as pop-out phenom-

ena or Gestalt forming. The existence of bottom up mechanisms in biasing compe-
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tition was proven using various methods such as single-cell studies, human ERP and

fMRI studies.

Single-cell studies proved that a salient stimulus can bias the competition and

dominates other ones (Reynolds and Desimone (2003)). Reynolds and Desimone used

stimuli with different levels of contrast. More contrasted stimuli automatically pop

out of the setting, gaining more resources. However, the salient stimuli requires more

attention, therefore attention may also be a relevant explanation for their results.

The term ’top-down effects’ is used to refer to biases due to cognitive requirements

of the task and not the competing elements themselves (Beck and Kastner (2009)).

Top-down mechanisms mainly refer to attention effects (Inui and McClelland (1996);

Duncan (1998); Duncan et al. (1997)), which originate from the frontal region. Mem-

ory and emotional effects (in connection with the activation of amygdala) can also

bias the competition. To test the role of attention, two types of tasks are widely used

in single-unit studies: spatial and nonspatial selection tasks (Duncan et al. (1997)).

In the spatial version of the task, a cue indicates the relevant location for a trial or a

series of stimuli: the monkey has to carry out a given task (e.g. shape discrimination)

at the cued location. In the test situation target stimuli are presented both on the

cued and uncued locations. Stimuli on the uncued positions are not attended, while

those on cued positions are. By contrasting the two conditions we can examine the

effect of spatial selective attention. In case of the nonspatial task the identity or some

features of the target are cued. For example Chelazzi and colleagues (Chelazzi et al.

(1993)) showed a complex object (the cue) at the fixation to the monkey, who after-

wards had to choose the one identical to the cue from 2–5 peripherically presented

objects.
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4.4 Neural correlates of sensory competition

On single-cell level, in the V1, due to small receptive field (RF), even the existence

of competition is doubtful (Beck and Kastner (2007)), therefore attention effects are

non-existent. In V2 and V4 attention modulates sensory responses if and only if

two or more visual stimuli are present within the RF (Luck et al. (1997)). If only

one of the stimuli is inside the RF, then attention has no effect on activity. Due

to attention the spontaneous activity of cells in V2 and V4 was increased when the

monkey attended within the RF. This may be the mechanism with which attention

filters out distractor information (Beck and Kastner (2009)).

ERP studies showed that under perceptual load face-selective N170 became sen-

sitive to attention. In the low-load condition, where subjects had to detect target

strings of identical letters (such as X or N) superimposed on faces, the amplitude of

N170 did not change compared to simple presentation of faces without target. In the

high-load condition (various strings of letters were superimposed to faces), a promi-

nent N170 amplitude reduction was detected. Jacques and Rossion (Jacques and

Rossion (2004)) found similar results by manipulating attention load in their previ-

ous paradigm. Therefore, we may conclude that selective attention is a requirement

of face processing; Rossion’s results may be due to the lack of spatial attention and

not perceptual competition (Neumann and Schweinberger (2009); Neumann et al.

(2011); Mohamed et al. (2009)). Seemingly, the sensory competition effect of Ros-

sion and the attention load theory for faces explains the same phenomenon, the

amplitude reduction of N170 due to the presentation of another face stimulus.

Jacques and Rossion (2007) introduced the term face-selective attention and began

to explain their results with this factor. Both Jacques and Neumann used face-

irrelevant tasks to modulate attention load, which makes their results regarding face

perception questionable. A recent study (Bindemann et al. (2007)) mentioned that
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selective attention is required to process faces in the sense that only one face can

be processed in parallel. In his bottleneck theory, however, he claimed that sensory

processing of faces is limited at or right before the level of processing identity and

on lower levels it was possible to process more faces in parallel.

In fMRI studies two different effects were measured when stimuli were presented in

parallel. The first line of experiment found a signal decrease compared to when stim-

ulus was presented alone. In these experiments stimuli were not attended, therefore

they competed for representation. Such is Beck and Kastner’s (Beck and Kastner

(2005)) study, who compared serial and parallel stimulus presentation while using

pop-out, non-pop-out and heterogeneous stimuli. Four Gabor patches were presented

in either serial or parallel way; they may contain a single item different in colour and

orientation from the others (pop-out setting). Sensory competition was eliminated

if one figure popped out from the others and this figure triggered the same blood

oxygenation level dependent (BOLD) response as if it were presented alone. Another

important bottom-up effect is Gestalt-forming. If the stimuli were organized into one

perceptual unit, then no signal reduction took part (see earlier, Kastner and Unger-

leider (2001); McMains and Kastner (2010)). These studies interpreted results as a

suppression effect due to neural competition among the objects in the same cluster

(Gentile and Jansma (2012)).

However, another line of studies found a general enhancement of activation in the

relevant areas in cases when both bottom-up and top-down attentional mechanisms

were active. If participants pay attention to any of the presented stimuli, then the

competition was biased and the attended stimulus was released from suppression.

Therefore fMRI signal was increased until the level activation measured for the same

objects was presented in isolation (Kastner et al. (1999); Kastner et al. (2001); Bles

et al. (2006)).

More recent studies test biased competition with complex objects (faces, houses)
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using fMRI (Reddy et al. (2009)). Each type of stimuli from the four applied ob-

ject classes was presented alone, or in pairs. In the pairs each category was either

attended, non-attended, or the attention was split between the two stimuli. Neural

responses for concomitant presentation were the weighted average of presented stim-

uli in a multidimensional voxel space. Weights were biased towards the preferred

category in category-selective regions (Reddy et al. (2009)). This study also found

that competition in the FFA for faces was limited in case the face was paired with

an object from a different category (for example houses). This results shows that

inhibition capacity is not only based on the place of presentation in the visual field

but there is also difference in inhibition properties within and between categories.

When combined with the bottleneck theory of Bindemann (Bindemann et al. (2007)),

this result would suggest that sensory competition in case of faces may serve as a

mechanism that allows only one face to be processed at a time.

To test these mechanisms and prove the existence of sensory competition among

faces we concomitantly presented 1, 2 or 4 faces, while there were always four stimuli

shown in the visual field (Nagy et al. (2011)).

5 Research questions

In the present thesis neural correlates of face-relevant tasks were measured. For

producing ecologically valid situations, faces were presented either with added noise

or in the company of other faces.

The main questions were the following:

1. How does the nature of added noise influence face-relevant decisions? What are

the electrophysiological correlates of the different types of added noise? (Nagy

et al. (2009))
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2. Does face after-effect emerge in case of multiple face settings (MFS)? What are

the neural correlates of the adaptation? (Nagy et al. (2012b))

3. Does parallel stimuli presentation trigger mutual interactions? What are the

correlates of sensory competition among faces? (Nagy et al. (2011))

4. What brain areas participate in processing face and object stimuli and how is

this network organized? (Nagy et al. (2012a))

6 Methodology

For testing these questions a variety of behavioural, electrophysiological and fMRI

methods were used. All papers were analysed according to conventions and detailed

descriptions are included in the Methodology sections of the articles. Only the last

paper contains methodological issues, which are different from standard literature.

Therefore, here only one type of effective connectivity analysis, DCM will be dis-

cussed in detail. In the following chapter the basic rules and motivation of applying

DCM are summarized. Reviewing the mathematical background of DCM would go

beyond the scope of the present work, see Stephan et al. (2004) for the basic mathe-

matical background and Friston, Kiebel, Stephan and colleagues’ works for revisions

and extensions (Friston et al. (2007); Kiebel et al. (2007); Stephan et al. (2007a);

Stephan et al. (2007b); Stephan et al. (2008)).

6.1 DCM

DCM is a method widely used to estimate effective connectivity within a set of

measured data. Dynamic refers to the dynamical nature of measured data. Causal

refers to "causal interactions among hidden state variables expressed by differential

equations, which describe (i) how the present state of one neuronal population causes
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dynamics in another via synaptic connections and (ii) how these interactions change

under the influence of external perturbations (i.e., experimental manipulations) or

endogenous brain activity." (Stephan et al. (2010), p. 3100.). The framework of

DCM was published in 2003 by Friston and colleagues

(Friston et al. (2003)) based on the work of Buxton et al. (1998) and its extension by

Friston (Friston et al. (2000); Friston et al. (2007)). In the first publications DCM was

applied to fMRI data, but it is also possible to test the coupling of electrophysiological

data with this method. The main aim of DCM is to model the interactions among

group of cortical neurons using the (hemodynamic or electromagnetic) time series. It

is possible to make inferences about the coupling among brain areas in the function

of experimental context (Friston et al. (2003)). The fundamental novelty of this

method lies in the more plausible generative model that is able to cope with the

nonlinear and dynamic properties of the measured brain responses (Friston et al.

(2003)).

Most DCM studies apply bilinear approximations, therefore the number of pa-

rameters is reduced to three sets. The first set contains the direct influence of inputs

on a given brain region (DCM.C), the second set shows the intrinsic connections be-

tween brain regions (DCM.A), while the third set stands for the changes in intrinsic

coupling (DCM.B). The method itself is primarily able to answer questions about

changes of modulatory effects (DCM.B). Due to the nonlinear nature of DCM it

is highly plausible biologically, however, and contains a large set of free parameters

(Friston et al. (2003)). As experimental conditions are always included in the models,

DCM is only appropriate for explaining brain responses which are in connection with

experimental intervention (Stephan et al. (2010)). In DCMparameters are estimated

within a Bayesian framework and posterior density is applied to draw conclusions

about particular connections. The estimation of a model gives us the probability

distribution of the parameters in terms of means and standard deviations, while
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the estimated posterior density provides information about the probability that the

connection exceeds a given threshold. The model evidence is p(γ|m), which is the

probability of obtaining observed data γ given a particular model m

(Stephan et al. (2009)).

There are several ways to approximate this log-evidence (model evidence). In

earlier studies Akaike Information Criterion (AIK) (Akaike (1974)) and Bayesian

Information Criterion (BIC) (Schwarz (1978)) were used most typically. The two

should be used jointly as AIK has a preference for simplistic models, while BIC

prefers more complex ones (Stephan et al. (2009)). Another and more frequently used

method is to use Group Bayes factor (GBF) (Acs and Greenlee (2008); Heim et al.

(2009); Summerfield and Koechlin (2008)). However, while GBF is a straightforward

method to compare models, it applies a strictly fixed effect approach and assumes

that the same model explains the data of all subjects. Recently, studies begin to apply

negative free energy approximation to the model evidence, which is more robust to

individual differences within the group and does not assume that the same model

applies to all participants.

If we want to compare models in a Bayesian framework, the first step is to carry

out a Bayesian Model Selection (BMS). We can do this based on their log-evidence

ratio, which is frequently called Bayes-factor (Kass and Raftery (1995)) or based on

their difference in log-evidence (relative log-evidence). With BMS it is possible to

draw inferences on the model space or on the parameter space of any given model.

In case of BMS two key features need to be considered. The first is the assumption

of homogenity within the observed population: fixed effect manner (FFX) method

presumes that the same model applies to everybody in the population; this approach

is plausible in the study of basic physiological mechanisms (Stephan et al. (2010)).

If the assumption of homogenity is violated then random effect manner (RFX) BMS

is appropriate for exploring the model space. For example, we use RFX to study
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physiological mechanisms in various disorders or to study higher cognitive functions,

when different individuals may apply different strategies.

The second key feature is the number of models in the model space. With a

reasonably small number of models it is possible to choose one winner model (’best

model’ approach) (Penny et al. (2010)). However, with the increasing number of

models the best model approach is getting more and more unstable and fragile as

the parameters of the winner model crucially depend on the set of models being

compared. Therefore, in these cases the model space should be divided into model

families based on similar features (such as the place of driving input or differences in

modulation due to experimental factors)(Penny et al. (2010); Stephan et al. (2010)).

By comparing model families as a first step we could exclude outlier models or model

features that would bias selection and continue to search for the best fitting model

on a reduced model space. In case of extraordinarily numerous model families we

can apply this method in more steps to reduce the set of models to explore in detail

(see for example: Griffiths et al. (2007), Kumar et al. (2007), Ewbank et al. (2011)).

After choosing the most appropriate model or partitioning the model space we

need to analyse the parameter estimates across the group. At this stage we need

to decide whether to apply random or fixed effect analysis independently from the

method applied in the BMS. If we decide on fixed effect, then several methods are

available to make inferences. One commonly applied method is Bayesian parameter

averaging (BPA). This method computes posterior densities for the whole group by

combining individual values (Neumann and Lohmann (2003); Garrido et al. (2007);

Stephan et al. (2010)). If the fixed effect is not appropriate we can examine the indi-

vidual maximum a posteriori estimates (MAP) with a t-test or ANOVA, depending

on the number of groups to compare. Another RFX solution is Bayesian model aver-

aging (BMA) (Penny et al. (2010)). This method computes weighted averages about

the entire model space; therefore it is independent from a chosen particular model.
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This method is useful if none of the models outperform the others, so we need to

take in account the uncertainty of the model structure.

When building the appropriate model space, choosing the optimal method of

comparing the models or model families and making inferences about the winner

model or model parameter are all decisions that the modeller needs to make before

starting the modelling. Therefore, DCM requires detailed planning before the actual

start of model estimation. Figure 7 (Stephan et al. (2010)) shows a simple flowchart

that makes it easier to make all decisions needed for completing a DCM study.

Figure 7: Schematic representation of the typical sequence of DCM analysis, depending on the

research question. (Stephan et al. (2010) p. 3101.)

First of all, we need to decide whether we would like to make conclusions about

model parameters or about the model structure. If we are interested in model pa-

rameters than we may look for the parameters of an optimal model or the parameters

of all models. The former could be carried out in a fixed or in a random manner

based on inter-subject similarity, while the latter requires BMA. In case the model
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structure is examined we can make interference in individual models or partition the

model space. If we compare individual models, FFX or RFX needs to be chosen

based on inter-subject variance. Model space partitioning refers to the comparison

of model families, based on similar structural properties. This process can also be

done with FFX or RFX.

7 Discussion

In the present work, by applying multiple stimuli or adding noise, neural correlates

of face perception were tested in an ecologically valid environment. As in everyday

life we hardly see faces in isolation or under perfect visual conditions, it is important

to study face perception among these perceptually complicated circumstances.

To summarize the main findings, in the first study (Nagy et al. (2009)) we showed

that the nature of added noise alters the processing of faces. We found that added

phase noise and overlapping images resulted in a similarly weak behavioural per-

formance, but the neural background differs due to the nature of the noise. Phase

noise is already processed at around 160 - 200 ms after stimulus presentation, there-

fore the amount of added noise is visible on the amplitude and latency of the N170

ERP component. In case we added overlapping meaningful stimuli to the faces, the

processing of the non-attended meaningful image did not start before the P220 com-

ponent. Thus we can conclude that the disruption of face perception happens in

various time windows depending on the type of added noise.

In the second study (Nagy et al. (2012b)) we tested whether multiple face settings

(MFS) evoked face after-effect (FAE) and measured the neural correlates of the

adaptation. In a preliminary study we proved that participants were able to spread

their attention across the MFSes and process the setting in a global manner. This fact

encouraged us to examine the nature of after-effects triggered by MFSes. If faces are

48



Nagy, Krisztina Neural correlates of non-familiar face processing

represented in a multidimensional face space (Webster and MacLin (1999), Leopold

et al. (2001), Anderson and Wilson (2005)) and humans represent the statistical

properties of an MFS then adapting to them would shift the mean of the space

systematically, leading to FAE on the behavioural level. This is in accordance with

our results of Experiment 3 and 4. The main findings are the following: (1) MFSes

are able to trigger FAE, they bias the perceived gender of the target stimulus on the

behavioural level, and (2) neural correlates of this effect are visible in the fusiform

face area (FFA), where BOLD reduction was found, while such effects did not appear

in the occipital face area (OFA).

The existence of this effect proves that the human brain is able to average infor-

mation from distinct spatial locations and this average can bias perception. Similarly

to other face adaptation experiments (e.g. Rhodes et al. (2003); Fox et al. (2009);

Xu et al. (2009); Afraz and Cavanagh (2009); Cziraki et al. (2010)) we found sig-

nal reduction in face-relevant FFA. Besides this well-documented effect we did not

find any adaptation effect in the OFA, which was reported by earlier studies (Dricot

et al. (2008); Fox et al. (2009); Xu and Biederman (2010)). As we applied spatially

non-overlapping stimuli, the OFA, which is sensitive to spatial position, did not get

activated. In this study we managed to distinguish face-relevant areas from the per-

spective of adaptation and found that OFA is only participating in face adaptation

if the stimuli are spatially overlapping. This result shows that the OFA is hierar-

chically subordinate to the acFFA, which is already insensitive to actual locations

(this finding is in accordance with Haxby et al. (2000) and Ishai (2008)).

In the third study (Nagy et al. (2011)) task-relevant activations were measured

in the FFA, OFA and LO for concomitantly presented faces. Our major findings

were the following: (1) increasing ration of faces within the display with four stimuli

reduced the BOLD signal in the bilateral FFA and in the right LOC. (2) increasing

distance among faces reduced competitive interactions in the FFA; (3) the magnitude
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of competition depended on the visual hemifield of the stimuli: ipsilateral stimulation

reduced the competition effects in the right LOC but increased it in the left LOC.

Sensory competition among concomitantly presented stimuli has been widely re-

searched on the level of single-cell, exploring interactions among stimuli presented

within the RF of the cell. However, only few studies were concerned with the compe-

tition on the system level measured by fMRI or ERP. Attention can bias the neural

competition in favour of the attended object, while non-attended stimuli will not

be processed. This phenomena is called biased competition. If subjects do not pay

attention to any of the presented stimuli and no other factors (such as salience) bias

the perception, then sensory competition emerges (Desimone and Duncan (1995);

Desimone (1998)).

Gentile and Jansma (Gentile and Jansma (2010)) measured BOLD signal reduc-

tion in two face-relevant areas, the FFA and the OFA in a sensory competition

paradigm. According to their interpretation, this shows that neural competition also

emerges on the level of single features, therefore there is competition also in the

OFA. In their latter study the temporal qualities of competition was addressed with

high-density electroencephalography (EEG). Sensory competition was measurable

in the amplitude of the N250 component and the source of this effect was localized

to the FFA and OFA (Gentile and Jansma (2012)).

This result is in contradiction with our findings about sensory competition (Nagy

et al. (2011)). We found, similarly to Gentile and Jansma, a strong competition in

the FFA but we did not see any signal reduction in the OFA. These results may

be due to the fact that Gentile and Jansma applied spatially overlapping stimuli

in all conditions, while we used four fixed positions without an overlap. Sensory

competition may have not emerged in our study in the OFA because the spatially

distinct position of the stimuli, while in the experiment of Gentile and Jansma this

factor triggered the signal reduction. This is another evidence for the hierarchical
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organization among the ventral stream areas: OFA is subordinate to FFA and still

sensitive to actual position (Pitcher et al. (2011); Nagy et al. (2011); Nagy et al.

(2012b)), while FFA already shows no position specificity.

Another possible explanation for measured sensory competition in the OFA is

neuronal adaptation. In their blocked design experiment the repeated stimulus pre-

sentation per block may have also resulted in activation decrease in face-relevant

areas. As they used identical and similar pairs of faces which were spatially overlap-

ping, adaptation emerged both in the FFA and OFA.

While Gentile and Jansma found competition in the FFA and OFA, in our study

competition emerged in the lateral occipital complex (LOC) as well. A possible ex-

planation would be the involvement of LOC in face processing, which may indicate

a direct connection between ventral-anterior LOC (LO) and FFA. This view is sup-

ported by Rossion et al.’s case study with a prosopagnosia patient (Rossion et al.

(2003a)) who had a selective damage in the right OFA while the FFA was intact. She

showed an intact face-non-face discrimination and object categorization but gender

and identity discrimination were severely damaged. However, emotional facial ex-

pressions still modulated her intact right FFA and, to a limited extent, she was able

to perform facial expression discrimination (Peelen and Downing (2005)). This would

suggest that OFA may not be inevitable for some kind of face perception, and visual

stimulation reaches FFA in the lack of OFA. Thus, there may exist an alternative

route from V1 to FFA bypassing the OFA and LO may be included in this pathway.

Since in our sensory competition study surprisingly strong face-relevant competition

was found in this region, we tried to model the role of LO in face perception.

In the fourth study (Nagy et al. (2012a)), we modelled the interactions among

FFA, OFA and LO based on measured functional data (Nagy et al. (2012a)). Includ-

ing FFA, OFA and LO with two different types of input stimuli (faces and objects) all

possible models were compared on a family-wise basis to explore the role of LO. As a
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first step model, families with different structure were compared, in the second step

all modulatory models of the winner family were entered into a family-wise Bayesian

model selection. In the last step, within the strongest sub-family, the model that fits

the data best was chosen by direct comparison.

The main findings are the following: (1) LO is linked directly to the OFA-FFA

unit via bidirectional connections; (2) non-face and face inputs are intermixed at the

level of occipito-temporal areas and enter the system via LO; (3) face input has a

modulatory effect on LO - FFA connection, while object input modulates LO - FFA

connection. The present study highlights the role of LO in the core network of face

perception. It is highly possible that there is a pathway on which information from

the LO goes directly to the FFA. And even if visual information bypasses the OFA,

face processing is still possible. LO most probably plays a role in structural coding

of faces similarly to OFA. Another important conclusion is that visual information

is not entirely segregated in this lower level of face perception as both faces and

subjects enter the system through the LO.

Based on the group-level parameters of the winning model, we can see that the

links between the three regions are hierarchical and the feedback connections from

the FFA towards the OFA and LO play a weaker role in the system.

In conclusion, the present dissertation adds new evidence to the functional speci-

fication of face-relevant brain areas. FFA showed adaptation to MFS and the com-

petition among faces also localized in this area, therefore this area is situated on the

top of the cortical hierarchy. However, the other well-known face-relevant area, the

OFA, is not sensitive to multiple face adaptation and does not participate in sensory

competition either. This may further emphasize the position of OFA in the cortical

hierarchy, as a subordinate region to FFA. In our sensory competition study we

found a non-expected decrease in LO activation and with effective connectivity we

tested further the role of this area in face perception. LO seems to serve as direct
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input to the FFA, therefore some kind of face processing can be completed in the

lack of OFA (For similar conclusions see the neuropsychological case study of Dricot

et al., Dricot et al. (2008)). Implementation of LO in the face-network shows that

our knowledge about the face processing brain network is not complete and further

studies are needed to explore face-relevant brain areas.
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The processing of any noisy stimuli requires extra means from the nervous system. Several electro-
physiological studies have proved that the processing of noise starts approximately 150–200 millisec-
onds after stimulus onset. This is suggested by the fact that the amplitude of the face-selective N170
component has been reduced and its latency prolonged by adding Gaussian noise to a face stimulus
while the earlier P100 component is not influenced by added noise. While previous studies tested the
electrophysiological correlates of noisy face perception in humans, the nature of added noise has not
been studied yet in relation to face processing. Our goal was to distinguish the effects of added
phase-noise from that of another irrelevant, overlapping non-face object (a car) on the electro-
physiological correlates of human face processing. Subjects performed a two-alternative gender dis-
crimination task with seven levels of difficulty, equalised between the phase-noise and overlapping ob-
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INTRODUCTION

Faces have a special role in human life. Despite their similarity to each other humans are rela-
tively fast and precise in recognizing faces and this performance is related to the holistic pro-
cessing of upright faces. The neural processing of faces is closely linked to a network of dis-
tinct brain areas along the occipito-temporal cortex of the human brain (Ishai et al., 2000).
Within this network two regions were identified with functional magnetic resonance imaging
(fMRI) methods, the Fusiform Face Area and Occipial Face Area (Gauthier et al., 2000,
Kanwisher, Stanley and Harris, 1999; Kanwisher, 2000; Haxby, Hoffmann and Gobbini,
2000) which are believed to be responsible for the earlier, structural processing of faces.

Besides these face sensitive areas of the human cortex, revealed by fMRI, human
electrophysiological studies have also suggested the existence of specific face-selective
event-related potential (ERP) components. The first negative ERP component, peaking at
around 140–200 ms after stimulus onset, the so called N170, is known to be related to face
processing (Bentin et al., 1996; Itier and Taylor, 2004; Eimer, 2000). The N170 has increased
amplitude after presenting upright faces in comparison with other object categories (Allison
et al., 1999; Jeffrey, 1989; Eimer and McCarthy, 1999; Liu, Harris and Kanwisher, 2002a, but
see the current debate in the literature about this issue: Rossion and Jacques, 2007; Dering,
Martin and Thierry, 2009; Thierry et al., 2006; Thierry et al., 2007), while it is larger and de-
layed in case of inverted faces (Farah, Tanaka and Drain, 1995; Murray, Yong and Rhodes,
2000; Boutsen et al., 2006). This component seems to reflect the structural characteristics of
faces; therefore, it is considered as a neural marker of coding first-order configuration of faces
and not facial identity per se (Rhodes et al., 1989; Diamond and Carey, 1986). The N170 orig-
inates from occipito-temporal regions of the brain, usually with larger amplitudes over the
right than over the left hemisphere (Bentin et al., 1996; Allison et al., 1999; VanRullen and
Thorpe, 2001; Jeffreys, 1996; Rossion et al, 2003; Itier and Taylor, 2004).

In recent studies, Herrmann and colleagues questioned the priority of N170 in face pro-
cessing (Herrmann et al., 2005; Liu, Harris and Kanwisher, 2002b; Marzi and Viggiano,
2007). They stated that face configuration sensitive ERP components arises already as early
as 107 ms post-stimulus onset (P100) and this early positivity is located on the occipito-tem-
poral electrodes, similarly to the N170.

Besides face processing, N170 seem to have an important role in the processing of noisy
images and expertise (Gauthier et al., 2000) as well. Using noise-added face stimuli Jemel and
colleagues found that the amplitude of the N170 component is usually reduced and delayed
(Jemel et al., 2003) when compared to faces without any noise. In previous studies the process
of adding noise was usually carried out with the mean-phase technique (Dakin et al., 2002)
that replaces the Fourier-phase spectrum of the image with random values (ranging from 0 to
360 deg), leaving its amplitude spectrum intact, thus removing any shape information
(Kovács et al., 2007; Jemel et al., 2003; McKone, Martini and Nakayama, 2001). These stud-
ies found that parallel to the increasing level of noise (or to the decreasing level of phase-co-
herence of the image) the amplitude of the N170 decreases, while its latency increases (Jemel
et al., 2003). Besides the changes in N170 amplitude the stimulus noise makes the behavioural
task also more difficult. The participants feel harder to decide for instance the gender or iden-
tity of a face as the noise-level increases. This task difficulty is currently linked to a special
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positive ERP component termed as P220 (Philistriades, Ratcliff and Sajda, 2006; Heekeren et
al., 2008), which is the second positive peak after stimulus presentation in the 200 and 300 ms
interval over occipito-temporal electrodes and its amplitude increases with the task difficulty.
However, recent studies (Bankó et al., 2010) suggest that the P220 might merely reflect
noise-sensitive increase of sensory processing and not task difficulty per se. Thus, it seems
that visual noise processing is correlated to at least two distinct components of the ERP re-
sponse.

While the effect of external noise on face perception and specifically on its electro-
physiological correlates has been investigated extensively, the effect of the nature of the ap-
plied noise has not been studied so far. Several studies applied scrambled versions of the tar-
get figures (by splitting the image into a given number of equal-size squares) or used the Fou-
rier phase-randomized versions of faces (Rossion et al., 2000) or added Gaussian noise to the
faces (Jemel et al., 2003). Nevertheless, no study compared so far the effect of various types
of task-irrelevant (noise) stimuli on the electrophysiological correlates of face perception.

Thus, in our current study, in addition to the widely used Fourier phase-randomization
technique we applied the image of another, non-face object (a car) as task-irrelevant, noise
stimulus. Cars were chosen, as they are a highly complex category and in the western civiliza-
tion almost everybody is familiar with them. As far as the lower visual processing is con-
cerned, cars have face-like structures with their lights and bumper. We created face-car com-
posite images with different degrees of overlaps and compared the effect of this stimulus ma-
nipulation with that of the phase-randomization method while participants performed a
two-alternative forced choice (2AFC) gender discrimination task on faces (Carey and Dia-
mond, 1977; Tanaka and Farah, 1993). Our major question was to test whether N170 is sensi-
tive to the nature of noise, being a meaningless, incoherent image or another coherent, but ir-
relevant non-face stimulus.

MATERIALS AND METHODS

Participants: Fifteen naïve healthy individuals (all right handed) participated in the experi-
ment (6 males, mean age: 26.3 yrs., standard deviation: 4.1 yrs.). All of them had normal or
corrected-to-normal vision and they were paid for the experiment. None of the participants
had any neurological or psychiatric disease. They were informed about the EEG recording
and the experimental procedures and written consent was obtained. The procedures were ap-
proved by the Ethical Committee of the University of Regensburg, Germany.

Stimuli and procedure: Stimuli were grayscale images of overlapping face–car composites
and phase-randomized noisy face images, presented centrally. Noisy images were created us-
ing a Fourier phase randomization algorithm (Nasanen, 1999). This algorithm gradually re-
places the phase spectrum with random values while leaving the amplitude spectrum of the
image intact, thus removing shape information but maintaining low-level features such as
contrast and luminance constant. The phase-randomized images were then combined with the
original unscrambled images to various extents. This led to seven different levels of such
phase-randomized noisy face images, in which level 1 was a clear face stimulus, level 2 was a
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50% incoherent face (the original face and the noise image contribute approximately equally
in the production of this image), levels 3, 4, 5 and 6 were 60, 70, 80 and 90% incoherent im-
ages respectively and level 7 corresponds to a 100% random stimulus without any shape in-
formation.

Overlapping face–car images were created by superimposing a frontal view; high-contrast
face and a size-, luminance-, and contrast-matched frontal view of typical cars (see Figure 1).
Another continuum was created with overlapping stimuli ranging from 100% face to 100%
car, along which the added car information became stronger step by step and the face informa-
tion became harder to detect. In pilot experiments we calibrated the added phase-noise and the
overlapping images in a way that facial gender decisions about the phase-noise added and
overlapping stimuli on the same level were equally difficult. The stimuli of the overlapping
shape condition thus corresponded to: level 1 – a 100% face, level 2 – 50% face/car, levels 3,
4, 5 and 6 to 60, 70, 80 and 90% cars respectively and level 7 to the 100% car image.

Stimuli were presented on a 19-inch flat colour monitor with a resolution of 1024 ×
768 pixel and a vertical refresh rate of 60 Hz. Participants were seated 57 centimetres from the
screen resting their chin on a chinrest and stimuli were seen under 6.2 visual angle. Subjects
performed a two-alternative forced choice gender discrimination task on the various stimuli.
All software was written in Matlab R2006b, under Psychtoolbox 3.1 (Mathworks, Natick
Massachusetts, USA). After a blank screen with a fixation mark a centrally presented stimulus
appeared for 300 ms, about which the participants had to make a decision by pressing the but-
tons of the numeric pad (7 for female, 8 for male). Their decision was followed by a 200 ms
gap before the next stimulus appeared on screen. Each participant performed two runs, each
15 minutes long. Both runs were composed of the phase-noise and overlapping stimuli, ran-
domly chosen from a pool of 72 images (50–50% noisy and overlapping stimuli) in a
semi-random order. Eight different “facelines” (a “faceline” is a series of images running
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Figure 1. Procedure and example stimuli. Timeline depicts the used stimuli
and the timing parameters



from one particular total face towards one particular car or total noise image) were used (see
procedure on Figure 1).

EEG data acquisition and analysis: Continuous EEG was recorded via 64 Ag/AgCl scalp
electrodes (BrainAmp, Brain Products GmbH), mounted in a plastic cap. Impedances of the
electrodes were kept below 8 k? The experiment was carried out in an electrically and sound
attenuated room. EEG data was segmented into 1100 ms long trials with 100 ms prestimulus
interval and analyzed offline by Brain Vision Analyzer (1.05.0002; Brain Products GmbH).
Segments were baseline corrected over a 300 ms pre-stimulus window, artifacts were rejected
semi-automatically, segments containing blinks, movements and strong baseline shift were
excluded from the analysis. ERPs were averaged separately for each channel, condition, sub-
ject. Averages were digitally filtered (EEG was filtered 0.5–70 Hz, 50 Hz Notch Filter for
each subject and Grand Averages were filtered with 30 Hz) with zero phase shift digital filter
and average re-referencing was calculated. Baseline correction was performed, using a 100
ms pre-stimulus window. Grand averages were calculated for each channel, subject and con-
dition separately. The usual face-evoked ERPs for our stimuli, composed of a positive peak at
around 100 ms (the P100), followed by a large negative peak (the N170) and a second positive
peak at around 220 ms after stimulus onset (P220). Occipito-temporal channels (P7, P8, PO7,
PO8) were analyzed bilaterally for assigning the latency and amplitude values of these ERP
components.

These electrodes were chosen on the basis of other face-selective studies (Rossion et al.,
2000). After averaging, the individual peak amplitudes were measured for each condition of
each participant, using a ± 30 milliseconds time window around the maximum of the grand
average. The latencies of the ERP components were measured on the same sites.

To test whether stimulus condition had an effect on the ERP conditions, amplitude and la-
tency values from the four electrodes were tested with repeated measures ANOVAs
(Statistica 8.0, StatSoft Inc.) with condition, electrodes and levels of added noise as
within-subject factors. Post hoc tests were carried out with Fisher LSD test.

RESULTS

Behavioural data

Subjects could solve the gender discrimination task easily. As the behavioural data confirms,
the phase-noise (NO) and overlapping (OL) conditions had indeed similar difficulty: no sig-
nificant differences were found between the two conditions, the main effect of condition be-
ing F(1, 14) = 0.735, p = 0.406 (Figure 2). As it is obvious from the figure for levels 6 and 7,
where the largest magnitude of phase randomization occured or where the largest overlap of
the irrelevant car stimulus occured subjects were at chance level in gender discrimination.
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Electrophysiological data

In our current study we only concentrated on P100, N170, P220 components over the
occipito-temporal electrode sites. Different levels of added noise and the relevant ERP com-
ponents are shown on Figure 3.

ERP correlates of noisy and overlapping stimulation

P100 amplitude and latency

No significant differences were found in the amplitude (ANOVA for clear faces vs. clear cars,
main effect of condition: F(1,14) = 0.15, p = 0.704) and latency (ANOVA for clear faces vs.
clear cars, main effect of condition: F(1,14) = 0.171, p = 0.685) of the P100 between clear
faces and cars. The processing of overlapping and noise-added conditions (levels 2–7) was
similar, no significant main effect of condition was present (F(1,14) = 1.87, p = 0.19). In the
present study no hemispheric asymmetry was found (Main effect of hemisphere: F(1, 14) =
1.688, p = 0.215). (See on Figure 4 upper panel.)

Latency showed a difference between the two conditions in case of intermediate levels
(levels 2–7), P100 emerged later in the noise-added (NO) condition (ANOVA main effect of
condition: F(1,14)=31.56, p < 0.0001). (See on Figure 4 lower panel.)
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Figure 2. Psychophysical results from the EEG experiment, Weibull psychometric function (Psignifit
toolbox (ver. 2.5.6) for Matlab (http://bootstrap-software.org/psignifit/)) fitted to the gender discrimina-
tion performance in noisy and overlapping stimuli. X axis depicts the level of noise (ranging from total
face (level 1) to 100% noise in NO condition or toward 100% car in OL condition (level 7)). Overlap-
ping condition is signed with black, phase-noise added condition with grey. Y axis depicts the ratio of
correct responses in the face gender discrimination task. Error bars represent the standard error of the

mean
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Figure 3. Grand average ERPs displayed between –100 and 600 ms from the right hemisphere (pooled
data from P8, PO8 electrodes). Different levels of noise are coded. Thick black line stands for 100% face
(level 1), while thick light grey for 100% noise (NO condition) or 100% car in OL condition. Levels 2, 3,
4, 5 and 6 are marked with thin black, thick dark grey, thin dark grey, thick midgrey, thin midgrey, re-

spectively. Upper panel shows OL condition, lower panel NO condition
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Figure 4. Amplitude and latency values of P100 as a function of added phase-noise (black) and strength
of overlapping object (grey)



N170 amplitude and latency

In the present study the amplitude of N170 was significantly larger for faces and for cars than
for noise images. (ANOVA for extreme stimuli, 100% faces, cars and Fourier noise images:
main effect of stimuli F(2,28) = 40.901, p < 0.00001, Fisher post hoc tests for stimuli,
p < 0.00001 for cars vs noise, p < 0.00001 for faces vs noise and p = 0.033 for faces vs cars).

Another well-known effect was also found: the amplitude of N170 immediately started to
decrease if we added another task-irrelevant image to the face image in the form of an overlap-
ping car or added phase-noise images. (ANOVA for 100% face and overlapping stimuli (lev-
els 2–6): main effect of added noise: F(5, 70) = 2.564, p = 0.034; Fischer tests for total face vs.
OL2–6 images levels were significant for all levels (p = 0.05). ANOVA for 100% faces and
phase-noise added stimuli, main effect of level of added phase noise: F(5, 70) = 61.675,
p < 0.0001; Fischer post hoc tests for contrasting total face with noise added images (NO2–6)
were all significant (p = 0.05).

Along the intermediate levels (levels 2–6) a gradual decrease of amplitude was found in
case of NO condition (ANOVA, main effect of added noise: F(4,56) = 67.605, p < 0.00001)
but not in the OL condition (ANOVA, main effect of added noise: F(4,56) = 0.667, p = 0.618).
(See on Figure 5 upper panel.) The amplitude was significantly larger on the right hemisphere
(main effect of hemisphere: F(1, 14) = 10.212, p = 0.006).

The latency of N170, however, showed a similar pattern in OL and NO conditions. Level
of added noise had a significant effect (main effect of added noise: F(4,56) = 0.15, p = 0.004,
significant differences were found). And the two conditions were significantly different (main
effect of condition, F(1, 14) = 36.1, p < 0.0001). (See on Figure 5 lower panel.)

P220 amplitude and latency

The amplitude of P220 component increased parallel to the amount of added noise (main ef-
fect of level of noise F(4, 56) = 22.45, p < 0.00001). (See on Figure 6 upper panel.)

Differences emerged between the conditions since the amplitude of P220 was larger in the
NO condition added than in the OL condition (main effect of condition F(1, 14) = 4.96, p =
0.04). No hemispheric asymmetries were found.

The latency of the P200 component showed differences between the two hemispheres in
both conditions, the component emerged later in the left hemisphere (main effect of hemi-
sphere: F(1, 14) = 4.96, p = 0.04). Two conditions were different, in the NO conditions P220
component emerged later (ANOVA, main effect of condition, F(1,14) = 40.58, p < 0.0001).
(See on Figure 6 lower panel.)

DISCUSSION

The main aim of this study was to explore the effects of different types of noise on face per-
ception. Several previous ERP studies used some form of added noise to make face process-
ing difficult (Bentin et al., 1996; Kovács et al., 2007; McKone, Martini and Nakayama, 2001).
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Figure 5. Amplitude and latency values of N170 in function of phase-noise added (black) and strength
of overlapping object (grey)
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Figure 6. Amplitude and latency values of P220 in function of added phase-noise (black) and strength of
overlapping object (grey)



However, most previous studies applied either Gaussian or Fourier spectral noise to modify
their test stimuli. In these studies the first ERP component that proved to be sensitive to the
amount of added noise was the first large negative waveform, recorded over the occipito-tem-
poral cortex, named N170 (Jemel et al., 2003). It was proved that the larger the ratio of the
added noise is the smaller the amplitude and longer the latency of the N170 component is.
Combined EEG-fMRI studies also emphasized that additional noise enhances the ERP and
the blood oxygen level dependent reponses in the visual cortex (mostly in the so called Lateral
Occipital Complex (Malach et al., 1995)) in the time interval of 100–300 milliseconds (Bankó
et al., in press) and thus presumably increases sensory processing demands.

In the present study we applied Fourier phase randomized noise and overlapping car im-
ages to test how the physical properties of the irrelevant stimulus affects the neural correlates
of face perception. We made special care to keep task difficulty constant across the two condi-
tions. Therefore the only difference between the NO and OL conditions was indeed the pres-
ence of either another coherent irrelevant stimulus overlapping the target face stimulus or of a
Fourier-phase randomized image. Our results show that different types of irrelevant stimuli
influence different levels of face perception, signalled by the various components of the ERP
response. While Fourier-phase randomized noise led to the reduction of the N170 component
overlapping car images influenced only later ERP components: the amplitude of the P220
component increased parallel to the level of overlapping car images, leaving the N170 com-
ponent untouched.

The fact that we observed strong reduction of the N170 in the NO condition agrees with
previous results (Jemel et al., 2003). On the other hand the lack of significant reductions of the
N170 component in the OL condition is probably due to the fact that not only faces, but other
objects, including cars are able to evoke large, albeit somewhat smaller N170 components as
well (see the debate of Thierry et al., 2007 and Rossion and Jacques, 2008). Thus, in our case
the gradual shift of the dominance of the stimulus from a face towards a non-face object (car)
leads to no significant differences of N170 for the intermediate stimulus levels. In other
words, the N170 obtained for the irrelevant stimulus “masks” the N170 obtained for the face
stimuli.

On the other hand the later P220 ERP component behaves similarly for the OL and NO
conditions: both types of irrelevant stimulus increases the amplitude of this ERP component.
This increase was originally explained by the increased difficulty of the task in noisy stimulus
conditions when compared to stimuli without noise (Philiastides et al., 2006). However, this
account has recently been challenged by a concurrent fMRI and ERP study (Bankó et al., in
press) where the task of the difficulty was manipulated by either adding noise to the faces or
by varying the available sensory evidences of the decisions (i.e. using androgenous faces with
varying female/male characteristics). Bankó et al. (in press) found increased P220 only in the
noisy condition supporting the role of P220 component in the increased visual cortical pro-
cessing demands due to the presence of noise in the visual stimulus. Our present experiment
was not designed to separate the effect of task difficulty from the effect of noise-induced mod-
ulation of the cortical activity since the NO and OL conditions were calibrated for task diffi-
culty and both the additional Fourier randomized image and the overlapping car stimulus can
be considered as task-irrelevant “noise”. Nevertheless, a closer inspection of the P220 ampli-
tudes reveals that there is a significant difference in its increase between OL and NO, al-
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though both conditions lead to increased P220 the magnitude of increase is larger in the NO
than in the OL condition. This supports further that this component is not related to the diffi-
culty of the task per se but rather it reflects the increased processing demands of a noisy stimu-
lus.

In conclusion, our results suggest that the N170 and P220 components of the face evoked
ERP are affected differentially by Fourier randomization and overlapping irrelevant non-face
objects.
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Abstract Adaptation to a given face leads to face-related,

specific after-effects. Recently, this topic has attracted a lot

of attention because it clearly shows that adaptation occurs

even at the higher stages of visual cortical processing.

However, during our every-day life, faces do not appear in

isolation, rather they are usually surrounded by other

stimuli. Here, we used psychophysical and fMRI adapta-

tion methods to test whether humans adapt to the gender

properties of a composite multiple face stimulus as well.

As adaptors we used stimuli composed of eight different

individual faces, positioned peripherally in a ring around a

fixation mark. We found that the gender discrimination of a

subsequent centrally presented target face is significantly

biased as a result of long-term adaptation to either male or

female multiple face stimuli. Similar to our previous results

with single-face adaptors (Kovács et al. in Neuroimage

43(1):156–164, 2008), a concurrent functional magnetic

resonance imaging adaptation experiment revealed the

strongest blood oxygen level–dependent signal adaptation

bilaterally in the fusiform face area. Our results suggest

that humans extract the statistical features of the multiple

face stimulus and this process occurs at the level of

occipito-temporal face processing.

Keywords Adaptation � Multiple face setting �
Fusiform face area � Occipital face area �
Face space � Face after-effect

Introduction

Adaptation to a face leads to specific after-effects. Webster

and MacLin (1999) used distorted faces as adaptors (for

example, with decreased distances between internal fea-

tures in comparison to normal) and found that prolonged

exposure to such faces biased the perception of veridical

faces in the opposite direction to the adapting distortion

(i.e. perceived as having expanded features). Since then,

face after-effects (FAE) were described to different facial

properties and were used extensively to study face per-

ception (Fang and He 2005; Fox and Barton 2007; Jaquet

et al. 2007; Jenkins et al. 2006; Kovács et al. 2006;

Leopold et al. 2001; Rhodes et al. 2003; Ryu et al. 2008;

Schweinberger et al. 2007; Webster et al. 2004; Webster

and MacLin 1999; Zimmer and Kovács 2010). Previous

face after-effect studies usually relied on similar para-

digms, where a single face was used as an adaptor and after

a short inter-stimulus interval the participants had to make

a decision about a subsequently presented target face.

However, during our every-day life, faces rarely appear in

isolation. More frequently, they are surrounded by other

objects and faces, for example, in a classroom or at a busy

airport. Despite the fact that these settings are common, our

knowledge about the neural processing of such multiple

stimulus displays is limited.

Exploring the statistical processing of scenes containing

multiple objects has been widely studied in the past dec-

ades. Our ability to extract statistical properties along

basic dimensions, such as size (Ariely 2001; Chong and
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Treisman 2003), direction and speed of motion (Atchley

and Andersen 1995; Williams and Sekuler 1984), was

previously proved (Emmanouil and Treisman 2008). More

recent studies showed that an averaging process may

take place along different dimensions in parallel; but this

leads to a decrease in performance (Chong et al. 2008;

Emmanouil and Treisman 2008). Recently, averaging

processes were tested with more complex stimuli as well,

and it was shown that humans were able to extract infor-

mation about the mean emotion and gender of a group of

faces. Haberman and Whitney (2007) presented sets of 4 or

16 faces expressing 4 different emotions and subjects had

to decide whether a subsequent single test face was happier

or sadder than the mean emotion of the preceding multiple

face stimulus (MFS). Their subjects showed a precise

representation of the mean emotion of the set, even though

they were unable to encode information about individual

faces. Similarly, Simmons et al. (2006) used a group of

faces and varied the ratio of female/male or angry/happy

faces trial-by-trial to adjust the ambiguity of the gender or

of the emotion of the MFS. The decision of the subjects

showed a dependence on the ratio of the female/male or

angry/happy faces.

Finally, it is highly possible that the statistical extraction

of the mean emotion or gender from such a MFS occurs

quickly and automatically on a trial-by-trial basis, suggest-

ing that it is an adaptive mechanism for coalescing infor-

mation into computationally efficient chunks (Haberman

and Whitney 2007). Thus, it seems that faces, similarly to

low-level feature representations, are also represented sta-

tistically in the context of spatial integration, when subjects

are presented sets of faces simultaneously (de Fockert and

Wolfenstein 2009; Haberman and Whitney 2007, 2009;

Simmons et al. 2006; Sweeny et al. 2009).

In our current set of experiments, adaptation related

after-effects were used to study the representation of such

MFS. Adaptation after-effects are usually explained with a

shift of the perceived average face within a multidimen-

sional face space (Anderson and Wilson 2005; Leopold

et al. 2001; Loffler et al. 2005; Rhodes et al. 2010;

Valentine 1991; Webster and MacLin 1999). We hypoth-

esized that if humans represent the statistical properties of a

MFS, then adaptation to them should alter the structure of

the face space, leading to perceptual FAEs. Thus, we tested

whether adaptation to such a display can bias the percep-

tion of subsequent faces. In our study, gender specific

(FAE) were chosen for two reasons. First, previous

behavioural, electrophysiological, and functional imaging

studies have suggested the existence of an adaptive recal-

ibration of gender properties of single, isolated human

faces (Afraz and Cavanagh 2009; Ghuman et al. 2010;

Kloth et al. 2010; Kovács et al. 2006, 2008; Rhodes et al.

2004; Webster et al. 2004), making them an ideal candidate

for comparisons with MFS displays. Second, current results

have already shown that changing the ratio of female/male

faces in a MFS affects gender decisions, suggesting the

extraction of statistical gender properties of this stimulus

(Simmons et al. 2006).

It is essential for the aims of the present study to dem-

onstrate that our subjects could indeed attend to the faces of

the MFS. Participants had to make their decisions without

direct eye-movements; therefore, they had to attend the

peripheral stimuli covertly. This they could do in two

fundamentally different ways. First, subjects could explore

the visual scenes in details by extracting information from

specific and adjacent locations, using spatially selective,

local attentional mechanisms (Posner 1980; Posner and

Petersen 1990). Second, they could attend to the global

aspects of a scene and integrate the relevant pieces of

information (Liechty et al. 2003). In the relevant literature,

the manipulation of attention is reached via different

instructions: subjects are either asked to attend the global

or local properties of a given stimulus (Navon 1977; Romei

et al. 2012; Sasaki et al. 2001; Volberg et al. 2009). In the

present set of experiments, we were interested in partici-

pants‘ ability to process a MFS globally, as a whole. We

also aimed at finding objective differences between global

and focal attention in case of processing MFS. Hence, in

one experiment, we instructed the participants differently

to direct their attention either towards a single face or

towards the entire MFS display globally with varying ratios

of female/male faces. We suggest that subjects are able to

spread their attention across the MFS, thereby extracting

the average of those faces. To test further the statistical

extraction of gender properties, we conducted a further

experiment, where we varied the mean gender character-

istics of the MFS independently of the ratio of female/male

faces. Specifically, we created situations where the ratio of

female/male faces and the statistical average of the facial

gender were independent of each other. We argue that if

subjects extract the average of the gender characteristics,

then their gender discrimination should be biased towards

that extracted mean gender, independently of the absolute

number of female/male faces.

Besides collecting psychophysical data, we conducted a

functional magnetic resonance imaging (fMRI) experiment

to search for the neural correlates of MFS representations,

using adaptation-related after-effects. Previous adaptation

studies with single high-level stimuli showed that occipi-

totemporal category-selective areas (fusiform face area and

occipital face area) are responsible for hand- and face-

related after-effects (Kovács et al. 2008; Cziraki et al.

2010). However, studies of global/local attention indicate

that distinct neural mechanisms underlie global versus

local processing of composite objects shapes (Hübner and

Volberg 2005; Lamb et al. 1990; Volberg and Hübner
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2004; Volberg et al. 2009; Weissman and Woldorff 2005).

Thus, it is possible that the neural correlates of global MFS

representations are distinct from those of single-isolated

elements. Here, we show that the gender ratio of the MFS

has a significant effect on the perceived gender of a sub-

sequently viewed face, as well as on the blood oxygen

level–dependent (BOLD) activity of occipito-temporal

cortical areas.

Methods

Stimuli were generated in the context of a face space

(implemented as a Matlab (Mathworks, Natick Massachu-

setts, USA) toolbox, available online (http://cogsci.bme.hu/

*gkovacs/FAE.html)), similar to that of Leopold et al.

(2001) and were composed of 9 female and 9 male grey-

scale faces from our database (Kovács et al. 2006). We

created the male anti-face pair of nine female faces as well

as the female anti-face pair of nine male faces, corre-

sponding to 18 female–male face/anti-face pairs. Next,

eight morphed faces (corresponding to 0/100 %, 14.3/

85.7 %, 28.5/71.5 %, 42.8/57.2 %, 57.1/42.9 %, 71.4/

28.6 %, 85.7/14.3 %, 100/0 % female/male information)

were created, lying on the identity trajectory of the original

face, the average face and the anti-face. Figure 1 presents

schematically the construction of the face space and the

example male adaptor stimuli as well as examples of the

female anti-female target faces.

The adaptor MFS were composed of eight faces (each 6�
in diameter), chosen randomly from the pool of nine faces

and positioned randomly in a circle around the fixation

mark (closest point 5� to the fixation mark). A new adaptor

was created in real time for each trial with new faces and

new positions. Figure 2a, b presents sample adaptor MFS

composed of the 100 % female and male (original) faces,

corresponding to the female and male adaptors. The face

stimuli varied randomly in mean luminance and contrast.

The target face (6� in diameter) was presented centrally

on a uniform grey background (luminance: 1.3 cd/m2,

viewing distance: 57 cm, on a 2100 monitor).

Experiment 1: Comparison of focal and global attention

on MFS

Thirteen volunteers took part in the experiment (mean

age = 21 ± 3.2 years; 7 females). All subjects had normal

or corrected-to-normal vision and provided their written

consent. The ethics committee of the Budapest University

of Technology and Economics approved all experiments.

Two subjects were excluded from the analysis due to

unusually long reaction times.

After presenting a blank screen containing only a fix-

ation mark for a random time varying between 1,000 and

2,000 ms, the test stimulus came on, containing eight

faces and either a small star (global condition) or a small

arrow oriented towards one of the possible positions of the

MFS (focal condition), presented for 500 ms. In half of

the focal condition trials, the arrow pointed towards the

position of a female, while in the other half of the trials

towards a male face, randomly. The focal and global

Fig. 1 Schematic representation of the face space, used for adaptor

and target stimulus creation. Nine male and female faces were used to

create the average and the face space. The adaptor male faces (male

adaptation condition) and three examples of the female- male anti-

face target faces are presented. Percentages denote the percent male

gender characteristics of the target faces for one identity axis

Fig. 2 Examples of the multiple stimulus displays, used as adaptors.

a Extreme (100 %) female faces of the female adaptation condition.

b Extreme male faces (male adaptation condition). c An adaptor

stimulus of the Mixed condition where half of the faces are extreme

female and the other half is extreme male. d Fourier-randomized

images of the control adaptation condition

Exp Brain Res (2012) 220:261–275 263
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conditions were tested in separate blocks (each block

contained 460 trials and was approximately 18 min long)

in random order.

The MFS were composed of eight faces with 90 %

female or 90 % male gender characteristics, chosen from

the pool of faces that were used later for the adaptation

experiments. Four different trial types were presented to

the subjects with different female/male ratios: MFS of

eight faces were composed of 6/2, 5/3, 3/5 or 2/6 female

and male faces. The position of the individual faces was

determined randomly across trials, and the four trial types

were presented in a random order within conditions. Every

other property of these MFS was identical to the adaptor

stimuli of Experiments 3, 4 and 5.

Subjects were instructed that in case of the focal

condition, they have to perform a two-alternative forced-

choice gender discrimination task on the face, towards

which the arrow points, and ignore the rest of the faces

(endogenous cueing (Posner and Cohen 1984). In the

global condition, they had to determine the ‘‘average’’

gender of the entire MFS (In both Experiment 1 and 2,

participants were instructed to make a decision globally

about the entire display whether it contained dominantly

male or female information. In all experiments, a partic-

ipant was asked to reply as quickly and precisely as it is

possible).

Figure 3a presents examples of the stimuli of Experi-

ment 1. Subjects’ eye-movements were controlled by an

infrared eye-tracking system (IView X RED, SMI, Ger-

many). In the data analysis, we only included those trials

where the fixation stayed within a 2� radius circle of the

fixation mark throughout the whole trial (the mean ratio of

such valid trials across our subjects was 93.3 ± 3.4 % and

94.1 ± 2.1 % for the global and focal conditions (mean ±

SE), respectively). All software was written in MATLAB

(MathWorks Inc.) using PsychToolbox 2.45 and 3.0 for

Windows (Brainard 1997; Kleiner et al. 2007). ANOVAs

were performed on the percentage of trials endorsed as

male and on the reaction times, using attention condition

(2) and trial type (4) as within-subject factors.

Experiment 2: Testing global nature of attention

to MFS

Fourteen volunteers took part in the experiment (mean

age = 23 ± 2.1 years; 9 females). All subjects had normal

or corrected-to-normal vision and provided their written

consent. The ethics committee of the Budapest University

of Technology and Economics approved all experiments.

Subjects were presented a central fixation mark on an

otherwise blank screen for a random duration varying

between 1,000 and 2,000 ms. Afterwards, the test stimuli

emerged for 500 ms, randomly chosen from a larger pool

of single faces online. Subjects had to carry out a two-

alternative forced-choice gender discrimination about the

entire composite MFS. We had four conditions presented in

a random order to the subjects. For two conditions, the

statistical average of the gender information of the MFS

was exactly 50 %. This we achieved in two ways via

varying the absolute number of female/male faces. In the

first condition (3F5M_50), we created MFS stimuli with

three 18.75 % males (corresponding to 81.25 % females)

and five 68.75 % males [(3 9 18.75 ? 5 9 68.75)/8 =

50 % male], while in the second condition (3M5F_50),

three 81.25 % males were intermixed with five 31.25 %

males). We hypothesized that if gender decision depends

on the absolute number of female/male stimuli in the MFS,

then the response should be biased towards male in the

3F5M_50 condition (note that the 68.75 % males are

identical to 31.25 % females), while towards female in

case of the 3M5F_50 condition. However, if the decision is

based on the statistical average of the gender information,

then it should not be different from chance level in either

case.

In addition, we created two further conditions where we

used three 100 % female faces intermixed with five

31.25 % female faces (3F5M_57f, (3 9 100 ? 5 9

31.25)/8 = 57.03 % female) or three 100 % males with

five 31.25 % males (3M5F_57 m). Here, we suggest that, if

the decision is based on the number of stimuli with dif-

ferent gender, instead of the statistical average of the

Fig. 3 a Example stimuli of

Experiment 1. (MFS) of the

focal condition with 2 female

and 6 male faces. On half of the

trials the arrow pointed towards

a female face (as illustrated),

while in the other half towards a

male face. b Mean (±SE) ratio

of stimuli endorsed as male for

the different female/male ratio

images. c Mean (±SE) reaction

times
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gender information of the MFS, than in the 3F5M_57f

case, subjects’ decision should be biased towards male (the

more numerous in gender), while in the 3M5F_57 m case

towards female. However, if subjects perform a statistical

averaging of the stimuli, independently of the number of

presented faces, than in the 3F5M_57f case, they should be

slightly biased towards female, while in the 3M5F_57 m

case towards male choices (Fig. 4a presents examples of

3F5M_50 and 3M5F_57 m conditions). Subjects’ eye-

movements were controlled by an infrared eye-tracking

system (IView X RED, SMI, Germany), and in the further

analysis, we only included those trials where the fixation

stayed within a 2� radius circle of the fixation mark along

the trial (the mean ratio of valid trials across our subjects

was 91.3 ± 5.4).

Experiment 3: Adaptation to female and male MFS

Twelve volunteers took part in the experiment (mean

age = 28.6 ± 3.2 years; 2 females). All subjects had nor-

mal or corrected-to-normal vision and provided their

written consent. The ethics committee of the Budapest

University of Technology and Economics approved all

experiments.

Subjects were first presented a central fixation mark on

an otherwise blank screen for 500–700 ms, then the

adaptor MFS for 3,500 ms, followed by a short inter-

stimulus interval (varying randomly between 530 and

550 ms) and finally a target stimulus, presented for 170 ms.

Figure 5 presents the paradigm of Experiment 3, 4 and 5.

Two adaptation conditions were tested in separate blocks

(each block contained 480 trials and was approximately

50 min long), ran on separate days. In the female adaptation

condition (Fig. 2a) eight of the original (100 %) female faces

served as adaptor MFS, while eight of the original male faces

in the male (Fig. 2b) adaptation condition.

The target stimulus was chosen randomly from 24

possibilities (three identity-trajectories, each with eight

morph-levels). Importantly, if the adaptor stimuli were

positioned on the male face/female anti-face trajectory,

then the target stimuli were generated on one of the three

female face male anti-face trajectories and the other way

around (Fig. 1). This means that the individual faces of the

adaptor MFS were unrelated to the target stimuli. Subjects

performed a two-alternative forced-choice gender dis-

crimination task. Their eye-movements were controlled by

an infrared eye-tracking system (IView X RED, SMI,

Germany). In the further analysis, we only included those

trials where the fixation stayed within a 2� radius circle of

the fixation mark throughout the trial (the mean ratio of

valid trials across our subjects was 89.4 ± 4.8 % and

88.9 ± 4.6 % for the female and male adaptation condi-

tions (mean ± SE), respectively). All software was written

Fig. 4 a Example stimuli of Experiment 2. Top Multiple face stimuli

of the 3M5F_57 m condition 3 male and 5 female faces, with an

average of 57 % male. Bottom 3F5M_57f condition with 3 female and

5 male faces (57 % average female). b Mean (±SE) ratio of stimuli

endorsed as male for the different female/male ratio images. c Mean

(±SE) reaction times

Fig. 5 The paradigm used in Experiments 3–5. Example adaptor

stimuli are presented for female and male adaptation conditions, as

well as a sample target stimulus
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in MATLAB (MathWorks Inc.) using PsychToolbox 2.45

and 3.0 for Windows (Brainard 1997; Kleiner et al. 2007).

Psychophysical data were modelled by a Weibull psy-

chometric function, using the psignifit toolbox (version

2.5.6.) for MATLAB (Wichmann and Hill 2001; retrieved

from http://bootstrap-software.org/psignifit/). To test whe-

ther adaptation to the female or male adaptor MFS results

in gender-specific FAE, a repeated measures ANOVA was

performed on the percentage of trials endorsed as male

(types of adaptor (2) and morph-level (8) and identity-

trajectory (3) as within-subject factors).

Experiment 4: Adaptation to MFS with 50 % female

and 50 % male faces

In the fourth experiment, we tested the statistical properties

of adaptation to MFS. Fourteen new volunteers were tested

in the experiment (mean age = 21.9 ± 3.2 years, 7

females).

Two adaptation conditions were presented to the sub-

jects. In one of the conditions (Mixed, Fig. 2c), four of the

eight individual faces in the adaptor MFS were original,

100 % female faces, while the other four were the original,

100 % male faces. These faces were chosen randomly trial-

by-trial from the pool of nine female and nine male faces.

In the Control (Fig. 2d) condition, the adaptor MFS was

composed of eight Fourier phase-randomized versions of

the original faces (Kovács et al. 2005). The eight ran-

domized faces were chosen from a pool of images, simi-

larly to the face stimuli. The ratio of trials where the

fixation stayed within a 2� radius circle of the fixation mark

was 85.6 ± 5.1 % and 87.3 ± 3.9 % for the Mixed and

Control conditions (mean ± SE), respectively). All other

details were identical to those of Experiment 3.

Experiment 5: fMRI correlates of adaptation to MFS

Fourteen healthy volunteers (4 females) with normal or

corrected-to-normal vision took part in the imaging

experiments (mean age = 25.1 ± 3.8 years). Subjects

gave written informed consent in accordance with the

protocols approved by the Ethical Committee of the Uni-

versity of Regensburg.

The previously used adaptation paradigm was modified

to suit the fMRI measurements of the blood oxygen

level–dependent (BOLD) signal. Each trial started with a

2,900 ms long adaptation period; followed by a 500 ms

gap and a 170 ms target face presentation. Each trial was

followed by a variable jitter ranging from 1,400 to

3,100 ms. Adaptation time was shortened compared to the

psychophysical experiments (Experiment 3 and 4) in

order to reduce the scanning time (Zimmer and Kovács

2011).

Four adaptation blocks (each consisting of 120 trials)

were presented to the subjects in the scanner in separate

runs. In the two Control runs, the same adaptor stimuli

were used as in Experiment 4 (Fig. 2d), while in the

Adapted condition, 7 participants saw the same male

adaptor stimuli as in Experiment 3 (Fig. 2b), while another

7 participants saw female adaptors (Fig. 2a). The order of

the Control and Adapted runs was randomized across

subjects. To test whether adaptation to the female or male

adaptor MFS results in gender-specific FAE, a repeated

measures ANOVA was performed on the percentage of

trials endorsed as male (types of adaptor (2) and morph-

level (8) as between subject factors and identity-trajectory

(3)) as a within-subject factor.

To control for the eye-movements of the subjects during

the adaptation period, the luminance of the fixation mark

was reduced briefly (500 ms) in 22.2 % of the trials and

subjects had to count (and later report) the number of

luminance changes. In pilot experiments, we made sure

that the magnitude of the luminance change is small

enough to be detected only by foveal fixation.

Imaging parameters and data analysis

Imaging was performed using a 3-Tesla MR head scanner

(Siemens Allegra, Erlangen, Germany). For the functional

series, we continuously acquired images (29 slices, 10�
tilted relative to axial, T2* weighted EPI sequence,

TR = 1,700 ms; TE = 30 ms; flip angle = 90�; 64 9 64

matrices; in-plane resolution: 3 9 3 mm; slice thickness:

3 mm). High-resolution saggital T1-weighted images were

acquired using a magnetization EPI sequence (MP-RAGE;

TR = 2,250 ms; TE = 2.6 ms; 1 mm isotropic voxel size)

to obtain a 3D structural scan.

Details of pre-processing and statistical analysis are

given in Kovács et al. (2008) and Cziraki et al. (2010).

Briefly, the functional images were corrected for acquisi-

tion delay, realigned, normalized to the MNI-152 space,

resampled to 2 9 2 9 2 mm resolution and spatially

smoothed with a Gaussian kernel of 8 mm FWHM by

using SPM5 (SPM5, Welcome Department of Imaging

Neuroscience, London, UK) running under MATLAB

2008A.

Regions of interests (ROI) analysis were based on the

results of separate functional localizer runs (488 s long,

17 s epochs of faces, objects and their Fourier-randomized

versions interleaved with 17 s of blank periods, 2 Hz;

300 ms exposition time; 200 ms blank), using MARSBAR

0.38 toolbox for SPM (Brett et al. 2002).

The location of face responsive areas was determined

individually as areas responding more strongly to faces

than to objects in the functional localizer scans using

family-wise error correction (pFWE \ 0.05; T = 4.99). For
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three subjects, this contrast gave no significant activations

in the fusiform cortex of the left hemisphere; hence, for

these observers, we used the contrast of faces [ Fourier

noise images at a relatively more liberal threshold

(puncorrected \ 0.0001; T = 3.8). Since our previous stud-

ies (Cziráki et al. 2010; Kovács et al. 2008) as well as a

recent summary of the literature (Berman et al. 2010)

suggest that the two different contrasts lead to very

similar peak voxel locations and only the extent and

magnitude of activation within the FFA is different in the

current study, we averaged our results across the two

types of contrasts.

The average (±SE) Talairach coordinates of the FFA are

44(1), -53(2), -21(1) and -42(1), -56(2), -21(1) for

left and right hemispheres, while for occipital face area,

these coordinates are 44(1), -75(1), -11(2) and -43(1),

-80(2), -12(1) for the left and right hemispheres. Areas

selectively responding to objects were determined by

similar functional localizer scans comparing the activity for

nonsense objects versus faces (n = 12, pFWE \ 0.05;

T = 4.99) or versus their Fourier-randomized versions with

more liberal threshold (n = 2, puncorrected \ 0.0001;

T = 3.8). The average Talairach coordinates of the area

LO (corresponding to the caudal–dorsal part of the lateral

occipital complex (Grill-Spector et al. 1999; Halgren et al.

1999) are 44(2), -76(2), 1(3) and -45(1), -76(1), -2(2)

for left and right hemispheres, respectively). The ROIs

were selected individually on the single subject level from

thresholded T-maps. Areas matching our anatomical cri-

teria and lying closest to the corresponding reference

cluster (resulting from the random-effects analysis for

differential contrasts; puncorrected \ 0.0001; T = 6.4) were

considered as their appropriate equivalents on the single

subject level. Time series of the mean voxel value, within a

4-mm-radius sphere around the local peak of the areas of

interest, was calculated and extracted from our event-

related sessions using finite impulse response (FIR) models

(Ollinger et al. 2001). The convolution of a reference

hemodynamic response function with boxcars, representing

the onsets and durations of the experimental conditions,

was used to define the regressors for a general linear model

analysis of the data.

For each of the experimental conditions and for each

morph-level, we modelled events at the onset of test

stimuli separately. The peak of the event-related averages

in a window from 5.1 to 6.8 s was used as an estimate of

the magnitude of the response and averaged across

observers. To determine whether fMRI adaptation

(fMRIa) emerged, the percent signal change values were

compared by repeated measure ANOVAS (adaptation

condition (2) and morph-levels (8) with within-subject

factors). Post hoc analysis was performed by Fisher LSD

tests.

Results

Experiment 1: Comparison of focal and global attention

on MFS

Figure 3b shows the average percentage of trials endorsed

as male for the global and focal blocks for the four female/

male ratios. Subjects performed differently in the focal and

global conditions (main effect of condition (F(1,10) =

6.16, p = 0.03)). The ratio of female/male faces had an

effect on the performance, but this effect also differed in

focal and global conditions (main effect of trial type in

both conditions (F(3,30) = 83.8 p \ 0.0001), and the

interaction of the two factors was significant (F(3,30) =

85.9, p \ 0.0001)). Post hoc tests revealed that the trial

type (i.e. the ratio of female/male faces) had an effect only

in the global condition (Bonferroni post hoc tests were

performed for the four trial types in the focal condition:

p \ 0.001 for each comparison), while the subjects judged

the MFS approximately in half of the cases male in the

focal condition and their performance did not differ for the

trials with different female/male ratios. Therefore, the

proportion of trials endorsed as male was the function of

the ratio of female/male faces in the global condition

(Bonferroni post hoc tests for the four trial types were

performed in the global condition: p \ 0.001 for each

comparison). Analysing the reaction times (Fig. 3c)

revealed a non-significant tendency for longer reaction

times in the global than in the focal condition (main effect

of condition (F(1,10) = 3.45, p = 0.09), while the effect

of different female/male ratios and interactions were non-

significant. This finding suggests that only by manipulating

the experimental task (focal vs. global attention), we are

able to manipulate the subjects’ decision, similarly to

previous studies (Navon 1977; Romei et al. 2012; Sasaki

et al. 2001; Volberg et al. 2009), using textures or letters.

Altogether, the results of Experiment 1 support that the

observers are able to process MFS globally by extracting

the statistical average of the presented gender composition.

However, while the results of this experiment suggest that

subjects are able to extract the statistical gender average

from the MFS, theoretically it is still possible that they

focused their attention on a single face in each trial in the

global condition as well. To exclude this possibility, we

designed a further experiment where we manipulated fur-

ther the mean gender property of the MFS, independently

of the ratio of female/male faces in Experiment 2.

Experiment 2: Global attention is needed to process

MFS

In the second experiment, we varied the number of female/

male faces independently from the mean gender ratio (see
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‘‘Methods’’ section for details) in a way that a display that

had more female than male faces (3M5F_57 m) had an

average gender property biased towards male and vice

versa. If subject attended to the single faces of the display,

then we would expect significantly higher proportion of

responses endorsed as female in the 3M5F_57 m and sig-

nificantly lower female responses in the 3F5M_57f con-

dition. However, if subjects indeed attended to the global

gender property of the MFS display, then the opposite

result is expected.

Figure 4b shows the portion of trials endorsed as male

for all the four conditions. Statistical analysis shows that

variation of the absolute number of female/male stimuli is

relatively less important when compared to the statistical

average of the gender information in multiple stimulus

displays. The effect of gender information was significant

(main effect of gender: F(1,13) = 4.73; p = 0.05). The

interaction between the gender information and the gender

ratio was also significant (F(1,13) = 8.28; p = 0.01),

suggesting that subjects are able to distinguish between

MFS containing slight differences in gender information.

Further, we observed a significant difference between

3F5M_57f (with 57 % average female gender information)

and 3M5F_57 m (with 57 % average male gender infor-

mation) conditions (t(13) = 2.9, p = 0.01), suggesting that

significantly more trials are endorsed as male in the

3M5F_57 m condition, where only three out of eight

(37.5 %) faces were male compared to the 3F5M_57f

condition where 62.5 % of the faces were male. This

supports further the idea that subjects made their decisions

on the basis of the statistical average of the MFS rather

than merely on the ratio of female/male faces.

Finally, the reaction times did not differ in the four

above-mentioned conditions (2 9 2 ANOVA, no signifi-

cant differences). This suggests that the strategy of the

response was similar in each condition (Fig. 4c).

Altogether, the results of Experiment 2 support further

the idea that subjects’ decisions are based on the statistical

average of the gender information rather than simply on the

ratio of female/male faces.

Experiment 3: Adaptation to MFS leads

to gender-specific after-effects

Next, we tested if prolonged exposure to such MFS dis-

plays biases gender perception in a similar way to a single-

isolated face. Adaptation to a MFS resulted in a strong

perceptual after-effect (Fig. 6). In the Female adapted

conditions, test faces were perceived as more masculine

when compared to the Male adapted condition suggested

by the main effect of adaptation condition

(F(1,12) = 19.23, p \ 0.001)). Furthermore, the after-

effect was the largest for the four intermediate morph-

levels (interaction of morph-level and adaptation condition:

(F(7,84) = 4.24, p \ 0.001) and this conclusion was sup-

ported further by the fact that we did not observe signifi-

cant difference at all between the Female and Male

conditions at 0, 14.3 and at the 71.4, 85.7 and 100 % male

morph-levels (p [ 0.06 for each morph-levels). The fact

that the adaptor and target faces were always pictures of

different identities and that we observed no significant

main effect of the identity-trajectory (F(2,24) = 0.99,

p = 0.38) suggested that the observed after-effect was not

specific to the identity of the target faces, rather it reflected

a general gender-specific bias of face perception. These

findings are similar to our previous results, when adapta-

tion to a single female or male face led to category-specific

after-effects (Kovács et al. 2006, 2008) and they suggest

that a MFS is able to shift the representation of the centre

of face space, similar to the effect of a single adaptor

stimulus (Leopold et al. 2001).

Experiment 4: MFS with 50 % female and 50 % male

faces cause no after-effects

The next experiment was intended to test whether the

observed FAE is indeed due to the extraction of the sta-

tistical properties of the MFS adaptor. We suggest that the

mean gender of the MFS is extracted during adaptation and

this gender-specific adaptation shifts the representation of

the subsequent target stimulus in gender space. Therefore,

by manipulating the average characteristics of the adaptor,

we should be able to change the magnitude of FAE. To test

this hypothesis, we created MFS adaptors, where half of

the faces were 100 % female while the other half was

Fig. 6 Mean (±SE) ratio of stimuli endorsed as male as a function of

gender morph-level (% male) for the female and male adapted

conditions of Experiment 3. Data are modelled by a Weibull

psychometric function (see ‘‘Methods’’)
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100 % male faces (Mixed condition (Fig. 2c)). Such MFS

on average has an ambiguous, 50 % gender property, just

like a single androgynous face from the centre of face

space. Since previous studies suggest that adaptation to

neutral or ambiguous faces leads to no significant after-

effects for distortion (Webster and MacLin (1999) or for

gender (Kloth et al. 2010), we hypothesized that such a

manipulation of the mean gender characteristics of the

MFS adaptor should eliminate any FAE.

Figure 7 shows the psychometric curve for the Mixed

(Fig. 2c) and Control (Fig. 2d, Fourier phase-randomized

faces) conditions. Comparison of the subjects’ performance

in the two conditions resulted in no significant difference

(main effect of adaptation condition: (F(1,13) = 0.47,

p = 0.83). Furthermore, no differences between the two

conditions were observed at any morph-levels (p [ 0.2 for

each morph-levels). In other words, if half of the faces in

the MFS are female while the other half are male then the

psychometric curve remains similar to that of the Control,

non-adapted condition. This suggests that during the

adaptation period subjects extract the mean gender char-

acteristics of the MFS. However, in the Mixed condition,

this mean is similar to the androgynous centre of the gender

space; thus, no shift of the representation appears in the

face space.

Experiment 5: Reduced BOLD signal in FFA

during MFS adaptation

Next, we used the fMRI adaptation technique (fMRIa;

Andrews and Ewbank 2004; Grill-Spector et al. 1999,

2006; Krekelberg et al. 2006) to investigate the neural

locus of MFS adaptation related after-effects. Previous

results with adaptation to a single face suggest that the

behaviourally observed FAE reflects time-dependent

adaptation processes of the right fusiform face area (rFFA)

and of the right occipital face area (rOFA; Cziraki et al.

2010; Kovács et al. 2008). If these occipito-temporal cat-

egory-specific areas mediate the multiple stimulus adap-

tation after-effects, then the observed fMRIa should reflect

the behavioural choice of the subjects. Adaptation to a

MFS should lead to a signal reduction when compared to

the non-adapted Control condition. To control for eye-

fixation during scanning the subjects were required to

count the number of central luminance changes (see in

‘‘Methods’’). Their performance in the central luminance

detection was 95.3 % suggesting good fixation behaviour.

Behavioural findings

To show FAE during the scanning we used a modified

version of the male and female adaptation conditions of

Experiment 3. The behavioural results in the scanner

confirmed our previous findings in the sense that MFS

adaptation leads to gender-specific after-effects. As half of

the participants were adapted to male faces (Fig. 2b), while

the other half to female faces (Fig. 2a) a mixed-design

ANOVA was used to compare conditions. We excluded the

data of one participant due to inconsistent performance.

After being adapted to a male/female MFS for several

seconds the target faces were observed as less/more mas-

culine when compared to Control (Fig. 8; main effect of

adaptation condition: F(2,416) = 12.85, p \ 0.0001). The

observed after-effect, similarly to Experiment 3, showed an

interaction between adaptation condition and morph-level

as between-subject factor (F(14,416) = 3.77, p \ 0.0001),

suggesting different adaptation magnitudes for each

morph-level. This result is qualitatively identical to that of

Experiment 3 in the sense, that adaptation to MFS leads to

gender-specific after-effects and the relatively smaller

magnitude of after-effect (compare Figs. 6 and 8) in the

MRI scanner might be explained by the shorter adaptation

duration of the fMRI experiment.

fMRI findings

As adaptation is specific to face category but not to the

gender of the faces (an issue discussed by Kloth et al.

(2010)) no differences were found in the fMRI data

between female and male adaptation conditions. Therefore,

here we present the results of the region of interest (ROI)

analysis from all the 13 subjects pooled across female and

male adaptation conditions and based on the individually

selected ROIs. To evaluate the fMRIa effect we modelled

Fig. 7 Mean (±SE) ratio of stimuli endorsed as male as a function of

gender morph-level (% male) for the mixed and control adapted

conditions of Experiment 4. Mixed: adaptor stimuli are composed of

equal number of female and male faces, control: Fourier-randomized

versions of the faces. Data are modelled by a Weibull psychometric

function (see ‘‘Methods’’)
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the onset of test stimuli separately for the eight morph-

levels. Figure 9a shows the average time courses of rFFA

activity plotted as a function of time in Control and

Adapted conditions, separately for the different morph-

levels. The averaged peak responses in the rFFA are shown

in Fig. 9b.

Adaptation led to a reduction of the BOLD response in

the right FFA, shown by the significant main effect of

adaptation condition (F(1,12) = 12.35, p = 0.004). Nei-

ther the main effect of morph-level (F(7,84) = 1.79, p =

0.32), nor the interaction of the adaptation condition and

morph-level (F(7,84) = 0.47, p = 0.85) was significant,

suggesting that the fMRIa effect does not depend on the

stimulus gender.

Very similar results were observed in the left FFA

(lFFA, Fig. 10): adaptation reduced the activity signifi-

cantly (main effect of adaptation condition: (F(1,11) =

7.56, p = 0.02) without significant main effect of morph-

level (F(7,77) = 0.92, p = 0.5) or interaction of the two

factors (F(7,77) = 0.39, p = 0.9).

We observed no significant differences between the

Adapted and Control conditions in the right OFA (Fig. 11a,

main effect of adaptation condition: F(1,11) = 2.28,

p = 0.16). Previous studies, using single-face adaptation

(Kovács et al. 2008) suggest that the OFA response is more

sensitive to the retinal position of the stimulus than the

FFA. Since in our present paradigm the peripherally pre-

sented adaptor faces did not overlap spatially with the

central target face this result supports the positional spec-

ificity of the OFA further.

Similarly, the left OFA showed no fMRIa either

(Fig. 11c, main effect of adaptation condition: F(1,11) =

1.22, p = 0.29).

The lateral occipital cortex (LO), corresponding to the

caudal-dorsal part of the lateral occipital complex (Grill-

Spector et al. 1999; Halgren et al. 1999) was identified as

being more active for objects than for Fourier phase-ran-

domized images and faces. In our current experiments LO

showed no significant adaptation effects neither on the

right (Fig. 11b, F(1,12) = 0.41, p = 0.53) nor on the left

side (Fig. 11d, F(1,12) = 0.11, p = 0.74).

Finally, to test whether other areas reflect the adaptation

processes as well, we also performed a whole-brain ran-

dom-effects analysis for Control [ Adapted and

Fig. 8 Behavioural results of Experiment 5. Control: Fourier-ran-

domized versions of the faces, male and female adaptor faces

Fig. 9 a Time course

(mean ± SE) of functional

magnetic resonance imaging

(fMRI) activity in the right

fusiform face area (rFFA) for

the eight female-male morph-

levels (for details see

‘‘Methods’’). b Average peak

activation profiles (±SE) of the

right FFA during control and

adapted conditions
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Adapted [ Control. These contrasts led to no significant

activations in additional brain regions even at the liberal

threshold of puncorrected \ 0.001, similarly to a previous

adaptation study with single-face stimuli (Cziraki et al.

2010).

Discussion

The results of Experiment 1 clearly show that instructing

subjects to attend towards the global structure of a MFS

enables them to spread their attention across the MFS,

thereby extracting the average of those faces. Previous

experiments, using simple geometrical patterns or letters,

arranged in a way that they form another, global pattern

or letter (Navon 1977; Romei et al. 2012; Sasaki et al.

2001; Scherf et al. 2009; Volberg et al. 2009) suggest that

separate systems control attention at the local and global

levels (for a review see Sasaki 2007). Our current results

are not excluding this possibility: the relatively longer

reaction times, observed for the global when compared to

local condition suggest different neural mechanisms.

More importantly to the aims of the current experiments

the results of the first and second experiment together

prove that once instructed so, subjects are able to spread

their attention and process the gender properties of a

multiple face display globally and simultaneously. These

results confirm further that faces of a MFS can be pro-

cessed in parallel globally (Habermann and Whitney

2007, 2009; Sweeny et al. 2009), encouraging us to

examine the nature of after-effects triggered by such

multiple face stimuli.

Since faces are usually accompanied by other objects,

other faces and background elements, the validity of MFS

adaptation effects is critical to our understanding of face

processing in everyday vision. Surprisingly, until now only

few studies have dealt with the representation and inter-

actions of multiple face stimuli. Habermannn and Whitney

(2007, 2009) provided evidences in their studies that

humans can represent the average of the presented emo-

tional faces. The existence of this averaging process was

confirmed with identities and gender as well (de Fockert

and Wolfenstein 2009; Simmons et al. 2006; Sweeney et al.

2009).

Since FAE is interpreted as an evidence of the multi-

dimensional face space representation (Anderson and

Wilson 2005; Leopold et al. 2001; Loffler et al. 2005;

Rhodes et al. 2010; Valentine 1991; Webster and MacLin

1999), if humans represent the statistical properties of a

MFS then adapting to that would shift the mean of this

space in a systematic manner, leading to FAE on the

behavioural level. In experiments 3–5 we could show that

prolonged exposure to a spatially non-overlapping matrix

of multiple faces, similarly to a single adaptor face (Kovács

et al. 2005), is also able to bias the perceived gender of a

subsequent target face. This shift in the representation of

the face space, away from the average of the MFS, suggests

that subjects extract the mean of the adaptor stimuli. We

manipulated the mean of the MFS adaptor stimulus so that

it contained an equal number of prototypical female and

male faces, positioned equidistant to the centre but along

the opposite axes of the face space. Such MFS on average

has an ambiguous, 50 % gender property, similar to

androgynous faces from the centre of a face space (Fig. 1).

After being exposed to such a mixed adaptor the FAE

disappeared entirely. This suggests that the distance

between the centre of the face space and the mean of the

composite adaptor stimulus determines whether the repre-

sentation is updated after adaptation or not. In other words

the fact that presenting 50 % prototypical female and 50 %

prototypical male faces together eliminates the after-effect

suggests that antagonistic after-effects eliminate each other

during the statistical extraction of faces. These results are

supported by the findings of Afraz and Cavanagh (2008),

who found that presenting two faces along the anti-face

axis reduced the identity specific FAE equally in the visual

field. This property of statistical face adaptation may be a

useful tool in the future to study further the independence

of various facial properties, such as contingent after-effects

(Fox and Barton 2007; Jaquet et al. 2007; Jaquet and

Rhodes 2008; Jeffery et al. 2007; Little et al. 2008; Ng

et al. 2006; Rhodes et al. 2004; Sohn and Seiffert 2006;

Watson and Clifford 2006; Yamashita et al. 2005).

Neural correlates of the FAE can be summarized as a

desensitization of the neural processing of the adaptor

Fig. 10 Average peak activation profiles (±SE) of the left FFA

during control and adapted conditions
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(Menghini et al. 2007). By using an isolated face adaptor

BOLD signal reduction was found in the FFA and OFA

(Cziraki et al. 2010; Kovács et al. 2008). This desensiti-

zation could be the result of a shift from a noise-driven

modus to an adaptation-driven modus of the neurons due to

after-hyperpolarization currents (Theodoni et al. 2011).

However, previous studies of global/local attention sug-

gested the existence of separate neural mechanisms of the

processing of global and local aspects of a complex

stimulus (Lamb et al. 1990; Volberg et al. 2009; Weissman

and Woldorff 2005). Thus, it is possible that the neural

correlates of global MFS representations are also distinct

from those of single isolated elements. Previous adaptation

effects of single, isolated faces imply that the behaviourally

observed face after-effects reflect the time-dependent

adaptation processes of several occipito-temporal cortical

areas. Kovács et al. (2008) found that adaptation effects in

the FFA are position invariant and could be evoked by

Fig. 11 Average peak activation profiles (±SE) of the right and left OFA (a and c, respectively) and of the right and left LOC (b and d,

respectively) during Control and Adapted conditions
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short (500 ms) as well as long (4,500 ms) adaptation

durations while adaptation effects in the right OFA were

position-specific and required long-term adaptation to

develop. The fact that long-term adaptation to the MFS

leads to significant reduction of fMRI responses only in the

FFA suggests that the encoding of MFS depends on the

activity of FFA. FFA is known to be involved in the

identification of individuals (for summary see Kanwisher

and Yovel 2006; for another conclusion see Kriegeskorte

et al. 2007; Nestor et al. 2008, 2011). Studies using stim-

ulus repetition evoked fMRIa suggest an invariance of FFA

to the position of the face, size (Andrews and Ewbank

2004; Grill-Spector et al. 1999; Large et al. 2008), spatial

scale (Eger et al. 2004) and viewing angle (Fang et al.

2007). These results suggest that the average receptive field

size is larger in FFA than in OFA (Kovács et al. 2008). In

our current experiments the MFS adaptor never overlapped

spatially with the central target stimulus. Thus, to observe

adaptation the position invariant neurons should be acti-

vated (for a review of position specificity of face adaptation

see Zimmer and Kovács 2011). Indeed, we found that

adaptation to the MFS adaptor reduced the activity in the

FFA but not in the OFA. This supports further the notion of

larger receptive field sizes in FFA when compared to OFA.

It is worth, however, to note that in another recent study,

using short-term repetition paradigms, the observed repe-

tition suppression was also position invariant in the right

OFA (Kovács et al. 2012). This result questions the simple

hierarchical organization between OFA and FFA (Fairhall

and Ishai 2007; Haxby et al. 2000) and suggests that OFA

is an essential part of the face-processing network and it is

not necessarily positioned upstream to FFA. This conclu-

sion is supported by neuropsychological (Rossion et al.

2003; Sorger et al. 2007), transcranial magnetic stimulation

(for a review see Pitcher et al. 2011) and neuroimaging

studies (Dricot et al. 2008; Rossion 2008; Schiltz and

Rossion 2006).

Our results point out that the statistical extraction of the

mean features of multiple face displays, similarly to the

encoding of single, isolated faces, is also related to the

activity of neuron in the fusiform gyrus.

Conclusion

In summary, the present study showed evidences for the

statistical encoding of multiple face stimuli, using adapta-

tion related after-effects. The related FAE causes signal

reduction in bilateral fusiform face area (FFA) but not in

occipital face area (OFA), suggesting the dominant role of

the fusiform gyrus in the statistical processing of scenes

containing multiple face stimuli.
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Volberg G, Hübner R (2004) On the role of response conflicts and

stimulus position for hemispheric differences in global/local

processing: an ERP study. Neuropsychologia 42(13):1805–1813

Volberg G, Kliegl K, Hanslmayr S, Greenlee MW (2009) EEG alpha

oscillations in the preparation for global and local processing predict

behavioral performance. Hum Brain Mapp 30(7):2173–2183

Watson TL, Clifford CW (2006) Orientation dependence of the

orientation-contingent face aftereffect. Vis Res 46:3422–3429

Webster MA, MacLin OH (1999) Figural aftereffects in the percep-

tion of faces. Psychon Bull Rev 6(4):647–653

Webster MA, Kaping D, Mizokami Y, Duhamel P (2004) Adaptation

to natural facial categories. Nature 428(6982):557–561

Weissman DH, Woldorff MG (2005) Hemispheric asymmetries for

different components of global/local attention occur in distinct

temporo-parietal loci. Cereb Cortex 15(6):870–876

Wichmann FA, Hill NJ (2001) The psychometric function: I. Fitting,

sampling, and goodness of fit. Percept Psychophys 63:1293–

1313

Williams DW, Sekuler R (1984) Coherent global motion percepts

from stochastic local motions. Vis Res 24(1):55–62

Yamashita JA, Hardy JL, De Valois KK, Webster MA (2005)

Stimulus selectivity of figural aftereffects for faces. J Exp

Psychol Hum Percept Perform 31:420–437
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Abstract

The concurrent presentation of multiple stimuli in the visual field may trigger mutually suppressive interactions throughout
the ventral visual stream. While several studies have been performed on sensory competition effects among non-face
stimuli relatively little is known about the interactions in the human brain for multiple face stimuli. In the present study we
analyzed the neuronal basis of sensory competition in an event-related functional magnetic resonance imaging (fMRI) study
using multiple face stimuli. We varied the ratio of faces and phase-noise images within a composite display with a constant
number of peripheral stimuli, thereby manipulating the competitive interactions between faces. For contralaterally
presented stimuli we observed strong competition effects in the fusiform face area (FFA) bilaterally and in the right lateral
occipital area (LOC), but not in the occipital face area (OFA), suggesting their different roles in sensory competition. When
we increased the spatial distance among pairs of faces the magnitude of suppressive interactions was reduced in the FFA.
Surprisingly, the magnitude of competition depended on the visual hemifield of the stimuli: ipsilateral stimulation reduced
the competition effects somewhat in the right LOC while it increased them in the left LOC. This suggests a left hemifield
dominance of sensory competition. Our results support the sensory competition theory in the processing of multiple faces
and suggests that sensory competition occurs in several cortical areas in both cerebral hemispheres.
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Introduction

In everyday life we are typically exposed to multiple stimuli

within our visual field simultaneously. For example, a person’s face

is usually surrounded by objects and another faces as well, such as

when a person is in a crowd. Still, there are relatively few available

studies on the neural processing of simultaneously presented

multiple stimuli compared to studies that are focussed on a single

isolated stimulus. We know from previous studies that multiple

stimuli presented within the visual field compete for neural

representations in the visual cortex [1] (for a review see [2]).

Theories of sensory competition suggest that the processing

capacity of multiple simultaneously presented stimuli within the

receptive field of a given neuron is limited, presumably due to the

mutual suppressive interactions among them. Signs of such

interactions have been found in several areas of both the ventral

and dorsal visual pathways, using extracellular single-cell record-

ing techniques in the macaque brain [3–8]. More recently, human

functional magnetic resonance imaging (fMRI) studies also

confirmed the results of single-cell recording experiments and

showed the existence of competitive interactions among multiple

stimuli in the human visual cortex [2,9–15]. In these studies stimuli

were either presented sequentially or simultaneously. The lower

blood-oxygen-level-dependent (BOLD) signal in the simultaneous

condition was interpreted as a sign of competitive interactions

among stimuli. Such interactions have been found in V1, V2, V4

and TEO of the human visual cortex.

However, most of the above studies used simple or more

complex shapes and objects as stimuli. Thus, while several studies

have been performed on the sensory competition effects among

non-face stimuli relatively less is known about the interactions in

the human brain for multiple face stimuli. The scarcity of fMRI

data regarding competition of face stimuli is surprising, since it has

been suggested previously that the face processing system has its

own, face-specific attentional system and its own capacity limits

[16–18]. Limited capacity of resources necessary for face

identification or recognition [19–22] as well as for gender

discrimination [23] has already been demonstrated behaviourally.

Jacques and Rossion [24–26] used event related potential (ERP)

recordings to study the neural correlates of multiple face stimuli.

They found that if a distractor face was presented peripherally to

the central target stimulus, than the amplitude of the face-sensitive,

occipito-temporal N170 component was reduced in comparison

with the condition when the distractor was a phase-randomized

noise image. In another study, similar signs of competition were

found on the N170 ERP component for inverted faces as well [27].

Agam et al. [28] recorded intracranial field potentials in the

human visual cortex and found a small attenuation of the

response, when the preferred stimulus was paired with a non-

preferred one, supporting the existence of competitive interactions

in face processing.

Up to now only a few neuroimaging studies are available on the

competition among faces. The effects of clutter and diverted

attention on the category selective information of the fusiform face

PLoS ONE | www.plosone.org 1 September 2011 | Volume 6 | Issue 9 | e24450



area (FFA) and parahippocampal place area (PPA) were studied by

Reddy and Kanwisher [29]. They found that information about

the preferred categories of an area is robust to the clutter of the

visual stimulation, created by a face and house image presented on

either side of the fixation spot. Similar stimulus arrangements were

used in a subsequent study to test how responses to simultaneous

stimuli are combined and how these responses are affected by

attention in these areas using multivoxel pattern analysis [30].

They found that the response to a pair of stimuli could be

described by the average of their individual responses in the

multidimensional voxel space, supporting the theory of biased-

competition [31]. Gentile and Jansma [32] used pairs of more or

less similar faces to test the theory of biased competition as a

suitable model of stimulus selection [31]. They found lower BOLD

signal in the FFA when the two simultaneously presented (and

task- irrelevant) faces were similar than when they were dissimilar.

This suggests that similar stimuli, encoded by overlapping

neuronal populations compete more with each other than

dissimilar ones do. Axelrod and Yovel [33] applied composite

stimuli, containing preferred and related, but non-preferred

stimuli of the FFA (faces and glasses). If a preferred (face) and a

non-preferred (glasses) stimulus were presented next to each other

significant release from adaptation was found, suggesting that the

FFA is sensitive to the non-preferred stimulus on the preferred one

and that there is an interaction between the two.

These previous neuroimaging studies (with the exception of

[32]) have tested the effect of other stimulus categories (houses and

various objects) on the processing of faces, presenting a face and an

object along each other. However, theories of biased competition

[34] as well as current neuroimaging studies [32] provided

evidence that the competition effect is most pronounced for similar

stimuli, belonging to the same category and exciting overlapping

neuronal populations.

Another common property of most of the previous neuroimag-

ing studies of competition is that they usually present stimuli alone

or in pairs with component stimuli on opposite sides of the central

fixation spot. This means that the two stimuli are presented in

opposite hemifields. However, studies of object [35], scene [36]

and face processing [37] suggest that contralateral and ipsilateral

stimuli are processed differentially and object [38] and face

processing [39] are, to a large extent, position-dependent. In

addition, a previous study, using checkerboard patterns, proved

that contralateral peripheral stimulation is reduced by competition

with ipsilateral stimulation only in inferior temporal cortex [40].

Therefore, we designed an experiment to test the sensory

competition among stimuli falling into the same category (faces)

within the same visual hemifield. Importantly, another deviation

from the previous studies was that we presented always the same

number of visual stimuli, but varied the ratio of stimuli preferred

by the face sensitive areas (i.e. faces) systematically. We presented

the faces together with phase-randomized noise images, as it has

been shown by Jacques and Rossion [24] that the magnitude of

early ERP components is reduced when a lateralized face is

presented in the context of another face, compared to a situation

when it is presented together with a phase-randomized noise

image. We reasoned that the competition related reduction in

BOLD signal in face processing areas would be higher in situations

when faces are intermixed with phase-randomized noise images

than when a single face is presented together with noise images.

Previous studies showed that the degree of competitive interactions

changes as a function of the spatial separation of the competing

stimuli in the array: the larger the spatial separation among the

stimuli, the lower the magnitude of competitive interactions (for

review see [2]). Thus we varied the number of interleaving noise

images (consequently the distance) among the face stimuli,

expecting the largest reduction of the BOLD signal with the

smallest spatial separation. Both of the prior hypotheses were

confirmed by our results regarding the FFA and the lateral

occipital complex (LOC), but not the occipital face area (OFA),

supporting the notion that sensory competition exists among

neurons that process face stimuli. However, sensory competition

has a varying effect on face processing areas of the ventral system.

Results

Behavioral control experiment
The stimuli of the present experiments are presented on the

periphery, thus, it is important to prove that it is possible to solve

the famous face detection task without eye-movements, by fixating

the central fixation spot. Further, the difficulty of detecting a

famous face among other faces (for example in our 4F condition)

might be more difficult compared to the condition where a single

face is presented among non-face stimuli (1F condition). In

addition, top-down effects, such as selective spatial attention can

also modulate sensory competition [2]. Therefore, we performed a

behavioral experiment outside the scanner to compare perfor-

mance, reaction times and eye-movements across the conditions

having different ratio of face stimuli.

Fig. 1A shows the average performance of celebrity detection

for the different conditions, separately for the left and right visual

hemifields. Neither the main effect of hemifield (F(1, 7) = 1.26,

p.0.15), nor the main effect of condition (F(1, 7) = 1.26, p.0.15)

nor the interaction between the two factors (F(3, 21) = 1.06,

p.0.3) were significant. Moreover, while the reaction time in the

C condition, which contains no faces at all, was significantly longer

than in the other conditions (Fig. 1B, main effect of condition: F(3,

21) = 4.26, p,0.02) we observed no differences in reaction time

among the 1F, 2F and 4F conditions (post-hoc tests: p.0.5 for

each comparison). Neither the main effect of hemifield (F(1,

7) = 0.01, p.0.8), nor its interaction with stimulus condition was

significant (F(3, 21) = 1.07, p.0.3) for the reaction times.

We expressed the fixation performance of our subjects as the

proportion of time during a trial, spent within the 2 deg circle

around the fixation spot. As Fig. 1C suggests subjects could fixate

during the task very well and importantly their fixation

performance was not different for the experimental conditions

(main effect of hemisphere: F(1, 7) = 0.1, p.0.7, main effect of

condition: F(3, 21) = 1.42, p.0.2, interaction: F(3, 21) = 0.28,

p.0.8).

Altogether, these results suggest that task difficulty, response

strategy and fixation performance are comparable among the

different conditions and could not explain any difference of the

BOLD response in the fMRI experiment.

Face selective regions
Fusiform Face Area. Fig 2A presents the typical

hemodynamic response functions of the right FFA (rFFA) for the

1F, 2F0G and 4F conditions. The rFFA showed significantly more

pronounced responses when a face was presented among the noise

images than the control stimulus, composed of four noise images

for both contralateral (i.e. left visual hemifield, Fig. 2B) and

ipsilateral stimulation (Fig 2C, paired t-test for single face

condition (1F) versus the control (C) condition: t = 4.6,

p,0.0001 and t = 2.8, p,0.01 for contra- and ipsilateral stimuli,

respectively). The response pattern of the left FFA (lFFA, Fig. 3)

was similar to that of the rFFA. The 1F condition led to

significantly higher responses than the Control conditions both for

the contralateral (i.e. right visual hemifield, Fig 3A) and ipsilateral
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(i.e. left visual hemifield, Fig. 3B) stimulation (t-tests: t = 2.6,

p,0.01 and t = 3.4, p,0.01 for contra- and ipsilateral

comparisons, respectively).

Since we found a significant main effect of hemisphere (three-

way ANOVA with hemisphere, hemifield and conditions as within

subject factors -see Methods section: F(1,40) = 4.5, p,0.04) on the

BOLD signal of the FFA (in addition to the main effects of visual

hemifield (F(1,40) = 17.8, p,0.001) and conditions (F(4,160) = 4.3,

p,0.005)) in the following we present our data for the right and

left FFA separately.

For the rFFA the BOLD signal was significantly different for the

stimuli with different ratio of faces (main effect of condition in a

two-way within subject ANOVA with hemifields and conditions as

factors- see Methods section: F(4, 160) = 3.6; p,0.01) and for the

two hemifields (main effect of hemifield: F(1, 40) = 14.0; p,0.001).

As is obvious from Fig. 2, the largest response was evoked in the 1F

condition while the two-face condition with no gap (2F0G, for

detailed description please see Methods), the two-face condition

with one noise stimulus in between (2F1G) and the four-face

condition (4F) evoked significantly lower responses (Fisher post-

hoc tests: p,0.01 for each comparison). This suggests that if more

faces are presented to the visual system the response in the rFFA is

reduced when compared to a single face presentation, possibly due

to the competition among the face stimuli. Our results also suggest

that such competition among faces has a negative correlation with

the inter-stimulus distance for the contralateral stimuli (Fig. 2B):

while we could observe strong reduction of the BOLD signal in

both the 2F0G and 2F1G conditions the 2F2G condition, where

the two face images were separated by two noise images, did not

lead to a significantly lower signal than the 1F condition (Fischer

post hoc tests against 1F condition: p,0.001, p,0.04 and p = 0. 4

for 2F0G, 2F1G and 2F2G conditions, respectively). This

conclusion is supported further by the results of a separate one-

way within-subject ANOVA, performed separately on the three

contralateral 2F conditions: we observed a significant main effect

of stimulus distance (F(2,80) = 4.1, p,0.03) and a significantly

larger response in the 2F2G condition when compared to the

2F0G (Fisher post-hoc test: p,0.01).

Although the interaction of visual hemifield and condition was

not significant (F(4,160) = 0.6, p = 0.6) the response pattern was

somewhat different for the ipsilateral visual hemifield (Fig. 2C).

The various two-face conditions and the 4F condition led to

similar response magnitudes and only the 2F0G condition was

different from the single face condition (Fishers post-hoc test:

p,0.05). Furthermore, there were no differences among the

various 2F and 4F conditions (Fisher post-hoc tests for each

comparisons: p.0.6), suggesting similar response reductions. This

is supported further by the separate one-way ANOVA for the

ipsilateral 2F conditions where we have not observed significant

differences (F(2,80) = 0.1, p = 0.9).

Is the observed competition effect specific to certain parts of the

visual field? To test this question we performed an additional

analysis. First, we split the contralateral 1F conditions into four

separate regressors: 1Fa- face appearing in the uppermost position,

1Fb- face in the second position from above, 1Fc- face in the third

position from above and 1Fd- face on the bottom (see Fig. 4 for

examples). Second, we split the contralateral 2F0G conditions into

three groups: 2F0Ga-the two neighboring faces were in the two

upper positions, 2F0Gb-two faces in the middle, 2F0Gc-two faces

in the two lower positions. Next we extracted the BOLD signal for

these 14 conditions separately from the rFFA, using the same

coordinates and ROI size as before.

Fig. 4 shows the results of the position specificity analysis. The

average of the four 1F conditions, although due to the lower

Figure 1. Subjects’ performance, reaction times and fixation
performance in the behavioral control experiment separately
for the Control (C), 1F, 2F (averaged across 2F0G, 2F1G and
2F2G conditions) and 4F conditions and for right (black) and
left (gray) visual fields. A. Average detection performance. B.
Average reaction times of the celebrity detection task. C. Eye-fixation
performance expressed as proportion of trial-time (see Methods for
details). Error bars represent standard error of means.
doi:10.1371/journal.pone.0024450.g001

Sensory Competition for Faces

PLoS ONE | www.plosone.org 3 September 2011 | Volume 6 | Issue 9 | e24450



Figure 2. The right FFA. A Time course (mean 6standard error) of fMRI activity for contralateral visual presentations. For sake of clarity only the 1F
(black), 2F0G (gray) and 4F (dashed) conditions are depicted. Data derived from a finite impulse response (FIR) model with 2 s time bins. B. Average
peak (426 sec) activation profiles (6standard error) of the right FFA for the six experimental conditions for contralateral stimulation. C. Average peak
activation profiles (6standard error) of the right FFA for ipsilateral stimulation. C- control, noise images, 1F-single face, 2F0G- two neighbouring face
images and two noise images, 2F1G- two faces with one noise image in between them, 2F2G- two faces, separated by two noise images, 4F- four face
images. * - Fishers post-hoc comparisons: p,0.05.
doi:10.1371/journal.pone.0024450.g002

Figure 3. Average peak activation profiles (±standard error) of the left FFA. A. Contralateral stimulation. B. Ipsilateral stimulation. For
conventions see Fig. 2.
doi:10.1371/journal.pone.0024450.g003
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number of repetitions per condition were more noisy than in the

previous model, led to significantly larger BOLD signal than that

of the 2F0G conditions (t-test for dependent samples: t = 3.28,

p,0.002), confirming the previous analysis and suggesting

competing interactions among face stimuli in rFFA. One-way

within subject ANOVA performed on the 1F condition with four

levels revealed no significant differences among the four possible

positions of the face stimuli (F(3,195) = 0.3, p.0.8). Similarly, one-

way ANOVA performed on the 2F0G condition (3 within-subject

levels) also failed to find any differences among the stimulus

positions (F(2,130) = 0.13, p.0.8). Altogether, these results suggest

that the absolute position of the faces within the hemifield is not

important in determining sensory competition effects of the rFFA.

To the contrary, the results are similar across different positions

within the contralateral visual field.

The response reduction of the lFFA (Fig. 3) was similar to that of

the rFFA: increasing the number of simultaneously presented face

stimuli led to a significant signal reduction (main effect of

condition: F(4, 160) = 3.5, p,0.01). Neither the main effect of

hemifield (F(4, 40) = 0.1, p = 0.15), nor its interaction with stimulus

condition (F(4, 160) = 0.01, p,0.8) was significant but post-hoc

test for the 1F vs 2F0G comparison suggest that the reduction is

somewhat stronger for the ipsilateral (p,0.005) than for

contralateral stimuli (p,0.11).

Occipital Face Area. Since we found a significant main

effect of visual hemifield (F(1,40) = 38.6, p,0.0001) and a

hemifield x hemisphere interaction (F(1,40) = 8.6, p,0.005) for

OFA, we present our data separately for the two sides and

hemifields.

For contralateral stimuli the 1F condition evoked significantly

higher response magnitudes than did the Control condition (t-test:

t = 2.7, p,0.01) in the right OFA (rOFA) (Fig. 5A). However, as

previous studies (showing that this area has receptive fields more

biased towards the contralateral hemifield than those in FFA [41])

would suggest, the ipsilateral response (Fig. 5B) was not at all

different between these two conditions (t-test for 1F vs C: t = 0.3,

p.0.8). For the left OFA neither ipsi- nor contralateral stimuli led

to different responses in the C and 1F conditions (Fig. 5C and D,

t-tests for C vs 1F: t,1.3, p.0.1 for both hemifields).

Furthermore, we did not observe any difference in the activity of

right and left OFA as a function of the number of faces present

(main effect of condition: F(4,160) = 0.83, p = 0.5 and

F(4,40) = 1.9, p = 0.12 for the right and left OFA, respectively;

interaction of condition and hemifield: F(4,160) = 0.87, p = 0.4 and

(F(4,160) = 0.2, p = 0.9 for the right and left OFA, respectively).

The only comparison showing a tendency for response suppression

was between the contralateral 1F and 2F0G conditions of the

rOFA (Fishers post-hoc test: p = 0.09). This suggests that the OFA

and its major target area the FFA have considerably different

sensory competition properties.

Object selective regions: the Lateral Occipital Complex
To test the specificity of any possible competition effect to the

face-processing network we determined the location of the lateral

occipital cortex (LOC) of our subjects as well. For contralateral

stimulation (Fig. 6A) we observed significantly stronger responses

in the 1F than in the C condition (t-test: t = 2.7, p,0.01)

supporting the object specificity of the right LOC (rLOC).

Similarly to what we found for rOFA, ipsilateral stimulation

(Fig. 6B) led to no significant differences between C and 1F (t-test

for C vs 1F: t = 1.15, p.0.2) for rLOC either. While contralateral

stimulation led to similar responses in C and 1F condition for the

left LOC (lLOC) (Fig. 6C, t-test for C vs 1F: t,0.4, p.0.7) the 1F

condition led to higher responses than C for ipsilateral stimulation

(Fig. 6D, t-test: t = 2.2, p,0.03).

Figure 4. The average BOLD signal from the rFFA in the four possible 1F conditions and in the three possible 2F0G conditions. Insets
show examples of the stimuli.
doi:10.1371/journal.pone.0024450.g004
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Since the analysis revealed a main effect of hemisphere

(F(1,40) = 3.8, p,0.05) and visual hemifield (F(1,40) = 17.6,

p,0.001), as well as the interaction of hemisphere with stimulus

condition (F(4,160) = 2.7, p,0.05) in the following we present our

data for the left and right LOC separately.

To our surprise, we observed a very strong reduction of the

response in the rLOC when presenting two or four faces

simultaneously (main effect of condition: F(4, 160) = 2.7, p,0.05)

and this effect was superseded by a significant visual hemifield

effect (F(1,40) = 12.4, p,0.01), due to larger responses in the

contra- than ipsilateral hemifield. As post-hoc tests for the

comparisons of 1F with two or four faces suggest the single face

condition evoked larger BOLD signal than any other condition for

the contralateral stimulation (post-hoc tests for the comparisons of

1F with every other condition: p,0.005) but not for the ipsilateral

stimulation (p.0.18 for each comparison). This supports previous

studies [41] pointing to the existence of contralaterally biased

receptive fields in LOC and suggests different competition

properties in the two hemifields.

For the left LOC (lLOC) we only observed a small, but

significant main effect of condition (F(4, 160) = 2.5, p,0.04) which

was due to the smaller BOLD signal in the 2F0G than in the 1F

condition during ipsilateral stimulation (Fig. 6D, post-hoc test for

1F vs 2F0G: p,0.005). No other comparison was significant. This

surprising result suggests that lLOC, in spite of the contralaterally

biased receptive fields, is able to code some information in the

ipsilateral hemifield as well.

As for rFFA, we have also tested for LOC if the observed

competition effect is specific to an absolute location within the

visual field or not (see above for details of methods of this analysis).

Fig. 7 shows the results of the position specificity analysis. The

average of the four contralateral 1F conditions led to significantly

larger BOLD signal than that of the 2F0G conditions (t-test for

dependent samples: t = 2.56, p,0.01), replicating the results of the

previous analysis and suggesting competing interactions among

face stimuli in rLOC. One-way within-subject ANOVA per-

formed on the 1F condition revealed no significant differences

among the four positions of the face stimuli (F(3,120) = 0.27,

p.0.8). Similarly, one-way ANOVA performed on the contralat-

eral 2F0G condition showed no differences among the stimulus

positions (F(2,80) = 0.08, p.0.9). Overall, these results suggest that

the specific position of the faces is not important in determining

sensory competition effects in the rLOC. Similarly to what was

found for rFFA and rLOC, one-way within subject ANOVA

performed on the 1F condition revealed no significant differences

among the four ipsilateral positions of the face stimuli

(F(3,243) = 0.4, p.0.7) or among the three ipsilateral 2F0G

condition (F(2,162) = 0.53, p.0.5) within the lLOC.

Figure 5. Average peak activation profiles (±standard error) of the OFA. Contralateral (rOFA: A, lOFA: C) and ipsilateral (rOFA: B, lOFA: D)
stimulation. For conventions see Fig. 2
doi:10.1371/journal.pone.0024450.g005
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Early visual cortex (EVC)
To test if the observed competition effects are specific to the

occipito-temporal visual areas we extracted the hemodynamic

response functions of the EVC for the left and right hemispheres

along the calcarine sulcus, using the Fourier noise vs. faces+objects

contrast of the functional localizer scans. Fig. 8 shows the peak

BOLD signals from EVC (averaged over the two hemispheres) for

contralateral and ispilateral stimulations. A within-subject AN-

OVA with ipsi- and contralateral stimulation and stimulus

conditions (4: C, 1F, 2F (0, 1 and 2G conditions are collapsed

for this analysis), 4F)) as factors shows that there is no difference in

BOLD signal as a function of ratio of face stimuli in EVC (main

effect of stimulus condition: F(3, 204) = 2.0, p.0.1 and interaction

of stimulus position and condition: F(3, 204) = 0.17, p.0.9). This

result suggests that the observed competition effect in FFA and

LOC is not due to any low-level variation of the stimulus.

Moreover, the fact that we observed enhancement in the BOLD

signal for contralateral but not for ipsilateral stimulation (main

effect of stimulus position: F(1, 68) = 91.3, p,0.00001)) corre-

sponds to the literature [42] and also suggests that our subjects

fixated properly during the scanning and systematic differential

fixation performance cannot explain the observed competition

effects.

Whole brain analysis
Finally, we also performed a whole-brain random-effects

analysis for 4F . 1F, 4F . 2F (0, 1 and 2G conditions are

collapsed for this analysis) as well as for the 1F . 4F and 2F . 4F

contrasts for left and right visual hemifield stimuli separately. Such

comparisons, in addition to test whether other areas reflect the

sensory competition processes as well, test also if attention was

equally allocated across the different conditions. If subjects were

not attending or fixating in the various conditions similarly than

that would have shown up in the whole brain statistical maps

(specially at the peripheral representations of the EVC). However,

neither of the above contrasts led to significant activations in

additional brain regions, even at the liberal threshold of

Puncorrected, 0.0001, suggesting similar attentional processes,

fixation performance across conditions and emphasizing the role

of the occipito-temporal areas in sensory competition.

Discussion

Our major results are the following: (1) Increasing the ratio of

faces in a composite display, containing the same number of

stimuli reduces the BOLD signal bilaterally in FFA and in the

rLOC; (2) Increasing the distance among faces reduces the

Figure 6. Average peak activation profiles (±standard error) of the LOC. Right LOC contralateral (A) and ipsilateral stimulation (B). Left LOC
contralateral (C) and ipsilateral (D) stimulation. For conventions see Fig. 2.
doi:10.1371/journal.pone.0024450.g006
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competitive interactions in FFA; (3) The magnitude of competition

depends on the visual hemifield of the stimuli: ipsilateral

stimulation reduces the competition effects in the rLOC and

increases it in the LOC of the left hemisphere.

Theories of sensory competition suggest that simultaneously

presented stimuli compete for neural representation and this

mutual suppressive interaction is manifest both on the single-cell

and population levels. In neuroimaging experiments competition is

usually tested by one of two ways. In one set of paradigms stimuli

are either presented sequentially alone or simultaneously together

while in the other type single stimulus presentation is compared

with pairs of stimuli. In such paradigms usually lower BOLD

signal [32,33] and reduced information in the multivoxel pattern

[30] was observed in the simultaneous conditions in various areas

of the occipito-temporal cortex. In our present experiments we

introduce a novel way to test competitive interaction. We chose to

keep the absolute number of stimuli constant and to manipulate

the ratio of faces. Both ERP [24] and neuroimaging studies

[10,32] suggest that stimulus similarity modulates competitive

interactions in the ventral visual pathway. Since (1) the occipito-

temporal cortex usually responds more vigorously to faces than to

the phase-scrambled noise images and (2) the sensory competition,

expressed as the amplitude reduction of the N170 ERP component

is larger among faces than between face and noise images [24] we

compared the competition among faces with the competition

between face and phase-randomised noise images. Keeping the

absolute number of stimuli constant gave us a chance to study the

nature of face-face and face-noise image competition independent

of the number of stimuli presented.

Biased competition theories of attention state that the ongoing

competition among stimuli is biased by attention in a way that if

attention is directed towards one of the multiple stimuli, the

mutually competitive effects are reduced [6,7,11]. One important

aspect of our current data is that to ensure that attention was paid

equally to all faces we required subjects to perform a recognition

task with respect to the faces and we only analyzed the non-target

trials. A possible effect of this task is that subject did not attend to

the phase-noise images, which could increase the competitive

interactions among neurons coding them as well as with those for

the face stimuli. This could lead to lower BOLD signal for the C

condition. The fact, however, that we observed the largest BOLD

signal in the 1F condition (where the possible suppression effect of

the noise images is largest on the face evoked response) both in

rFFA and rLOC argues against this conclusion. However,

undoubtedly further studies are necessary to test how attention

and other top-down effects interact with the observed sensory

competition effects of the present study. Such studies have already

been published regarding perceptual grouping and illusory

contours [15].

Figure 7. The results of the position analysis for rLOC. For conventions see Fig. 2 and Fig. 3.
doi:10.1371/journal.pone.0024450.g007

Figure 8. Average peak activation profiles (±standard error) of
the early visual cortex (EVC, averaged across hemispheres) for
the ipsilateral and contralateral stimulations. For conventions see
Fig. 2
doi:10.1371/journal.pone.0024450.g008
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The fact that we observed lower BOLD signal in the left and

right FFA is in agreement with previously mentioned fMRI results.

Gentile and Jansma [32] found that two similar, but task irrelevant

faces, presented in opposite hemifields competed with each other

more and led to lower BOLD signals in the FFA than dissimilar

faces. Our results suggest that phase-randomized stimuli that lead

to lower activations in the higher extrastriate areas of the occipito-

temporal cortex in human and monkeys [43–48] and lead to lower

face sensitive ERP component amplitudes [49,50] compete with a

face less than do two faces among each other. This competition,

however, is different along the ventral processing pathway. While

competition led to lower BOLD signal both in the FFA and rLOC

we observed no such effect in the OFA. Previously the OFA was

shown to be involved in early processing of facial features in fMRI,

transcranial magnetic stimulation experiments and in lesion

studies of acquired prosopagnosia [51–55]. Furthermore, studies

of brain-damaged prosopagnosic patients emphasize the indepen-

dent role of OFA and FFA [56] in face processing. In the study of

Gentile and Jansma [32] an area, having very similar coordinates

(40, 275, 23) to those of the rOFA of the current study showed

competition effects. Methodological differences may be responsible

for the different results. While we compared multiple faces against

a face presented together with phase-randomised noise images

Gentile and Jansma [32] compared pairs of similar and dissimilar

faces. Their method, presumably being more specific to neurons

that encode small differences between faces, might have detected

smaller changes that the face vs. noise context comparisons of the

present study could overlook. The tendency in right OFA of 1F

and 2F0G conditions being different (p = 0.07) in the present study

supports this argument.

Area LOC is preferentially activated by complex object shapes

(for reviews see [57–58]) including faces [59]. In our experiments

right LOC showed strong BOLD signal reduction in every

condition where more than one face was present. This suggests

that the observed competition effects are not face-specific, but

occur in such areas where the preferred stimulus is not a face at all.

Previous studies of competition, using objects as stimuli, found that

responses to object pairs within LOC were well predicted by the

averages of responses to their constituent objects, suggesting

competition between stimuli for the limited neural bandwidths.

Our results show that this competition in LOC is not limited to

objects, but appears also for face stimuli. These results together

would suggest a differential role of LOC and OFA in processing

multiple face stimuli. It is worth noting that ipsilateral stimulation,

while evoking activation in FFA and (more surprisingly) in the

right LOC reduced competition among stimuli. This finding

suggests that multiple stimuli are processed differentially in the two

hemifields, a conclusion we discuss further below.

Recent fMRI [38] and single-cell [60] studies suggest the

position specificity of object selective areas. The LOC and another

object selective area along the posterior part of the fusiform sulcus

(pFS) were shown to process information in a position-constrained

manner [38] (but see [61] for another conclusion regarding LOC,

using multivariate pattern classification). Contrary to this we have

not observed any differences of the BOLD signal or of the

competition effect across the specific positions of our composite

stimuli. This apparent disagreement could be explained by

differences of the stimulation (single line-drawings of objects vs.

varying proportion of faces/noise images) and analysis techniques

(iterative split-half correlation analysis vs. ROI based analysis of

the BOLD signal). Furthermore, we always presented the stimuli

within a hemifield, where the effect of position is weaker when

compared to that of between hemifields [38]. Thus, it is possible

that the less sensitive ROI approach overlooks the relatively

smaller position specificity within a given hemifield. Nevertheless,

the issue of position specificity in human object-selective cortical

areas remains unresolved and is currently under intense debate.

Previous studies, using colorful complex patterns, showed that

the degree of competitive interactions changes as a function of the

spatial separation of the competing stimuli in the array: the larger

the spatial separation among the stimuli, the smaller the

magnitude of competitive interactions (for a review see [2]). This

effect is the most prominent in earlier visual areas V2 and V4,

suggesting that the effect of spatial separation is the strongest

where the neuronal receptive fields are small and it is not present

at all in primate area TEO, an area located on the fusiform gyrus,

medial and superior to right FFA, where the receptive fields are

larger than 7 deg in diameter. Our results regarding the right FFA

show a different pattern. We observed that increasing the spatial

separation of competing faces reduced the competition effect (i.e.

led to larger BOLD signals) in right FFA. Whether the different

stimuli, the slightly different coordinates or the fact that we varied

the distance by varying the number of phase-noise images, the

finding that separating the faces led to the different results requires

further investigation.

A surprising result of the current work regards the inter-

hemifield and inter-hemispheric differences of the competition

effects. It seems that the LOC shows larger magnitude of

competition effects in the left hemifield of both hemispheres. So

far no direct comparison has been made regarding the receptive

field sizes of LOC and FFA. Nevertheless, several lines of evidence

suggest that neurons of LOC retain more location information

when compared to FFA [62-64]. Further, there is evidence of a

larger contralateral stimulus preference in LOC and OFA than in

FFA [35,41]. Thus, in case of LOC, the significant ipsilateral

responses indicate the existence of neurons with receptive fields,

centered in the ipsilateral hemifield, similarly to studies of face [37]

and object adaptation [36].

However, the observed competition effect is not entirely

identical in FFA and LOC: while we observed a significant

distance effect (i.e. less competition for more distant stimuli) for left

hemifield stimuli both in right FFA and left FFA no such effect was

observed in the right LOC. This suggests that the spatial extent of

competitive interactions is smaller in FFA than in LOC, a

conclusion requiring further proof. Together these results raise the

possibility that the previously observed left hemifield advantage of

face perception is the result of an efficient interhemispheric

integration at higher levels [65,66].

It has been previously suggested that the face processing system

has its own, face-specific attentional system and its own capacity

limits [16–18]. Limited capacity of resources necessary for face

identification or recognition [19–22] as well as for gender

discrimination [23] have already been demonstrated. The reduced

activity in rFFA for multiple face stimuli serves as a possible neural

correlate of such an effect. Nevertheless, the exact nature of the

relationship between selective attention, multiple face representa-

tion and sensory competition will undoubtedly require further

studies.

Materials and Methods

Subjects
Eight subjects (mean age: 29.3 yrs, 3 females) participated in the

behavioural control experiment. Twelve healthy university

students participated in the fMRI experiment (mean age: 26 yrs,

SD: 3.3 yrs). Seven of them were female, one left-handed. All

subjects had normal or corrected-to normal vision and they

provided their written consent in accordance with the protocols
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approved by the Ethical Committee of the University of

Regensburg.

Stimulation and Procedure
Faces were gray-scale, full-front digital photos of eight female

and male faces, chosen from a large pool of photos, partially

overlapping the stimulus database of Kovács et al [37,67]. Faces

(mean luminance: 18 cd/m2) had no obvious gender-specific

features, such as facial hair, jewellery or make-up. They were fit

behind an oval mask (radius = 3.5 deg), eliminating outer contours

of the faces. The Fourier phase-randomized versions of the faces

were created by the algorithm of Nasanen [68]. Next, we

constructed stimuli having four equidistant positions on a

semicircle on the right or on the left side of the fixation spot

(radius = 4 deg, distance between individual stimuli: 0.7 deg).

These four positions were occupied by four noise images (Control,

C) one face and three noise images (1F), two faces and two noise

images or four faces (4F), positioned randomly at the four

locations. We also manipulated the inter-stimulus distance

between face stimuli in conditions where two faces and two noise

images were presented: the two face stimuli could occupy

neighbouring positions (no gap between the faces- 2F0G) or they

could be separated by one (2F1G) or by two noise images (2F2G).

The position of the face and noise images was chosen randomly for

each trial in the 1F and 2F conditions, but for the main analysis we

collapsed our data across the various positions. Thus altogether we

had six stimulus conditions in the left and six in the right visual

field. For stimulus examples see Fig. 9.

Stimuli were back-projected via an LCD video projector (JVC,

DLA-G20, Yokohama, Japan, 72 Hz, 8006600 resolution) onto a

translucent circular screen (app. 30u deg diameter), placed inside

the scanner bore at 63 cm from the observer. Stimulus

presentation was controlled via Matlab (The Mathworks, Natick,

MA), using PsychToolbox 2.45 [69].

Stimuli were presented for 500 ms and were followed by an ITI

of either 3500 or 7500 ms, randomly (Fig. 9). Subjects were

required to fixate a centrally presented fixation spot, which was

present throughout the entire trial. To ensure that covert attention

was paid equally to all objects, we required subjects to count

silently the number of stimulus occurrences where a previously

chosen familiar celebrity (either a portrait of Hugh Laurie or

Marcia Cross) occurred on a randomly selected position. Such

target trials (mean occurrence: 7 trials/block, mean detection

performance: 97% 6 2.5%) could be in any of the five conditions,

containing at least one face. In the subsequent analysis only non-

target trials are included. During one run (approximately 16 min

long) we presented 91 trials with different number of faces in the

left or right visual hemifield randomly. Participants were first

familiarised with the stimuli and the task lasted for approximately

5 min. Subsequently, they carried out four runs during the

experiment.

Parameters and Data Analysis
Imaging was performed using a 3-Tesla MR Head scanner

(Siemens Allegra, Erlangen, Germany). For the functional series

we continuously acquired images (29 slices, 10 deg tilted relative to

axial, T2* weighted EPI sequence, TR = 2000 ms; TE = 30 ms;

flip angle = 90 deg; 64664 matrices; in-plane resolution:

363 mm; slice thickness: 3 mm). High-resolution saggital T1-

weighted images were acquired using a magnetization EPI

sequence (MP-RAGE; TR = 2250 ms; TE = 2.6 ms; 1 mm

isotropic voxel size) to obtain a 3D structural scan.

Details of preprocessing and statistical analysis are given

elsewhere [37,70]. Briefly, the functional images were corrected

for acquisition delay, realigned, normalized to the MNI-152 space,

resampled to 26262 mm resolution and spatially smoothed with a

Gaussian kernel of 8 mm FWHM (SPM8, Welcome Department

of Imaging Neuroscience, London, UK).

Regions of interests (ROI) analysis was based on the results of

separate functional localiser runs (488 sec long, 17 s epochs of

faces, objects and their Fourier randomised versions (size: 6 deg,

central presentation) interleaved with 17 s of blank periods, 2 Hz;

300 ms exposition time; 200 ms blank, MARSBAR 0.42 toolbox

for SPM [71].

The location of face responsive areas was determined

individually as areas responding more strongly to faces than to

objects and to Fourier noise images in the functional localiser scans

(puncorrected ,0.0001; T = 7.53, FFA [average Talairach coordi-

nates (6SE): 42(4), 256(7), 219(4) and 243(6), 261(8), 220(5) for

left the and right hemispheres, respectively]) and the OFA

[average Talairach coordinates (6SE): 40(5), 281(6), 213(3)

and 239(5), 284(9), 211(6) for left and right hemispheres]). Areas

selectively responding to objects were determined by similar

functional localiser scans comparing the activity for nonsense

objects vs. their Fourier randomised versions and faces

(puncorrected,0.0001; T = 7.53, area LOC: [average Talairach

coordinates (6SE): 51(5), 273(6), 24(5) and 247(8), 273(10),

21(6) for left and right hemispheres]).

The portion of the early visual cortex (EVC), responding to the

stimulation of the central 6 deg visual field was determined by the

Fourier noise vs. faces+objects contrast (puncorrected,0.0001;

T = 7.53, [average Talairach coordinates (6SE): 8(4), 291(3),

26(4) and 26(3), 289(6), 8 (6) for the left and right hemispheres]).

This location corresponded to the projection zone for that

eccentric visual-field location along the calcarine sulcus of both

hemispheres.

The ROIs were selected individually on the single subject level

from these thresholded T-maps. Areas matching our anatomical

criteria and lying closest to the corresponding reference cluster

(resulting from the random-effects analysis for differential

contrasts; puncorrected ,0.0001; T = 7.53) were considered as their

appropriate equivalents on the single subject level. A time series of

the mean voxel value within an 8 mm radius sphere around the

local peak of the areas of interest was calculated and extracted

from our event-related sessions using finite impulse response (FIR)

Figure 9. Procedures and example stimuli. Timeline depicts the
stimuli of 1F and 2F1G conditions in the left and right visual hemifield,
respectively as well as an example of a target trial (4F, right hemifield).
doi:10.1371/journal.pone.0024450.g009
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models [72]. The convolution of a reference hemodynamic

response function with box-cars, representing the onsets and

durations of the experimental conditions, was used to define the

regressors for a general linear model analysis of the data.

Six different event types were analysed and modelled at the

onset of test stimuli. The peak of the event-related averages in a

window from 4 to 6 s was used as an estimate of the magnitude of

the response and was averaged across observers. Analysis was

performed in three steps. First, to test the difference between the C

and 1F condition we performed a simple paired t-test for each

ROI, hemisphere and visual field separately. Second, to test the

effect of hemisphere we performed a large, three-way ANOVA

with hemisphere (2), hemifield (2) and stimulus condition (6 levels:

C, 1F, 2F0G, 2F1G, 2F2G, 4F) for each FFA, OFA and LOC

separately. Finally, to determine the effect of the number of faces

the percent signal change values were compared by two-way

repeated measured ANOVAS with visual hemifield (2) and

stimulus condition (5 levels: 1F, 2F0G, 2F1G, 2F2G, 4F) as

factors. Post-hoc analysis was performed by Fisher LSD tests.

Behavioral control experiment
Stimuli, stimulus size, conditions and trial structure were

identical to those of the fMRI experiment. The only exception

was that, in order to be able to measure reaction times, subjects

performed a two alternative forced-choice celebrity detection task.

After each trial they had to decide if a celebrity was presented on

the display or not by pressing a button on a keyboard. Subjects

were tested in a dimly lit room (average background luminance

,1 cd/m2). Stimuli were presented on a 17‘‘ monitor (10246768

pixel resolution, 75 Hz vertical refresh rate with a viewing distance

of 63 cm) on a uniform grey background. Subjects were asked to

fixate a central fixation spot and their eye-movements were

controlled by an infrared eye-tracking system (IView X RED,

SMI, Germany). The proportion of trial-time, spent in a 2 deg

vicinity of the fixation spot was calculated off-line for each subject,

visual hemifield and condition separately and was used as a

measure of fixation performance. Detection performance and

reaction time were averaged for each condition, hemifield and

subject separately and a within-subject two-way ANOVA was

performed with hemifield (2) and experimental conditions (4: C,

1F, 2F (2F0G, 2F1G and 2F2G conditions were collapsed for this

analysis), 4F) as factors.
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The perception of faces involves a large network of cortical areas of the human brain. While
several studies tested this network recently, its relationship to the lateral occipital (LO) cor-
tex known to be involved in visual object perception remains largely unknown. We used
functional magnetic resonance imaging and dynamic causal modeling (DCM) to test the
effective connectivity among the major areas of the face-processing core network and LO.
Specifically, we tested how LO is connected to the fusiform face area (FFA) and occipital
face area (OFA) and which area provides the major face/object input to the network. We
found that LO is connected via significant bidirectional connections to both OFA and FFA,
suggesting the existence of a triangular network. In addition, our results also suggest that
face- and object-related stimulus inputs are not entirely segregated at these lower level
stages of face-processing and enter the network via the LO.These results support the role
of LO in face perception, at least at the level of face/non-face stimulus discrimination.

Keywords: dynamic causal modeling, face perception, effective connectivity, fusiform face area, lateral occipital

cortex, occipital face area

INTRODUCTION
The neural processing of faces is a widely researched topic of
cognitive science. Based on functional imaging studies, single-cell
recordings, and neuropsychological research it has been suggested
that face-processing is performed by a distributed network, involv-
ing several cortical areas of the mammalian brain (Haxby et al.,
2000; Marotta et al., 2001; Rossion et al., 2003a; Avidan et al.,
2005; Sorger et al., 2007). While the extent of this face-processing
network is currently under intensive debate (Ishai, 2008; Wiggett
and Downing, 2008) most researchers agree that there are numer-
ous cortical areas activated by face stimuli. The most influential
model of face perception, based on the original model of Bruce
and Young, 1986; Young and Bruce, 2011) proposes a distinction
between the representation of invariant and variant aspects of
face perception in a relatively independent manner, separated into
a “core” and an “extended” part (Haxby et al., 2000). The most
important regions of the “core network” are areas of the occipital
and the lateral fusiform gyri (FG). The areas of these two anatom-
ical regions seem to be specialized for distinct tasks: while the
occipital face area (OFA), located on the inferior occipital gyrus
(IOG) seems to be involved in the structural processing of faces, the
fusiform face area (FFA) processes faces in a higher-level manner,
contributing for example to the processing of identity (Sergent
et al., 1992; George et al., 1999; Ishai et al., 1999; Hoffman and
Haxby, 2000; Rossion et al., 2003a,b; Rotshtein et al., 2005). In
addition, the changeable aspects of faces (such as facial expres-
sions, direction of eye–gaze, expression, lip movements (Perrett
et al., 1985, 1990), or lip-reading (Campbell, 2011) seem to be
processed in the superior temporal sulcus (STS; Puce et al., 1998;
Hoffman and Haxby, 2000; Winston et al., 2004). The three above-
mentioned areas (FFA, OFA, STS) form the so-called “core” of the

perceptual system of face-processing (Haxby et al.,2000; Ishai et al.,
2005). While basic information about faces is processed by this
core system complex information about the others’ mood, level of
interest, attractivity, or direction of attention also adds informa-
tion to face perception and is processed by an additional, so-called
“extended” system (Haxby et al., 2000). This system contains brain
regions with a large variety of cognitive functions related to the
processing of changeable facial aspects (Haxby et al., 2000; Ishai
et al., 2005) and include areas such as the amygdala, insula, the
inferior frontal gyrus as well as the orbitofrontal cortex (Haxby
et al., 2000, 2002; Fairhall and Ishai, 2007; Ishai, 2008).

Interactions of the above-mentioned areas are modeled in the
present study using methods that calculate the effective connec-
tivity among cortical areas. Dynamic causal modeling (DCM) is a
widely used method to explore effective connectivity among brain
regions. It is a generic approach for modeling the mutual influ-
ence of different brain areas on each other, based on fMRI activity
(Friston et al., 2003; Stephan et al., 2010) and to estimate the
inter-connection pattern of cortical areas. DCMs are generative
models of neural responses, which provide “a posteriori” estimates
of synaptic connections among neuronal populations (Friston
et al., 2003, 2007). The existence of the distributed network for
face-processing was first confirmed by functional connectivity
analysis by Ishai (2008), who claimed that the central node of
face-processing is the lateral FG, connected to lower-order areas
of the IOG as well as to STS, amygdala, and frontal areas. The
first attempt to reveal the face-processing network in case of real-
istic dynamic facial expressions was done by Foley et al. (2012).
They confirmed the role of IOG, STS, and FG areas and found
that the connection strength between members of the core net-
work (OFA and STS) and of the extended system (amygdala) are
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increased for processing affect-laden gestures. Currently, several
studies elaborated our understanding on the face-processing net-
work and revealed a direct link between amygdala and FFA and the
role of this connection in the perception of fearful faces (Morris
et al., 1996; Marco et al., 2006; Herrington et al., 2011). Finally, the
effect of higher cognitive functions on face perception was also
modeled by testing the connections of the orbitofrontal cortex to
the core network (Li et al., 2010). It was found (Li et al., 2010) that
the orbitofrontal cortex has an effect on the OFA, which further
modulates the information processing of the FFA.

While prior effective connectivity studies revealed the details
of the face-processing network related to various aspects of face
perception, they ignored the simple fact that faces can also be
considered as visual objects. We know from a large body of
experiments that visual objects are processed by a distributed
cortical network, including early visual areas, occipito-temporal,
and ventral–temporal cortices, largely overlapping with the face-
processing network (Haxby et al., 1999, 2000, 2002; Kourtzi and
Kanwisher, 2001; Ishai et al., 2005; Gobbini and Haxby, 2006,
2007; Haxby, 2006; Ishai, 2008). One of the major areas of visual
object processing is the lateral occipital cortex (LOC), which can
be divided into two parts: the anterior–ventral (PF/LOa) and the
caudal–dorsal part (LO; Grill-Spector et al., 1999; Halgren et al.,
1999). The LOC was first described by Malach et al. (1995), who
measured increased activity for objects, including famous faces as
well, when compared to scrambled objects (Malach et al., 1995;
Grill-Spector et al., 1998a). Since then, the lateral occipital (LO)
is considered primarily as an object-selective area, which is never-
theless invariably found to have elevated activation for faces as well
(Malach et al., 1995; Puce et al., 1995; Lerner et al., 2001), especially
for inverted ones (Aguirre et al., 1999; Haxby et al., 1999; Epstein
et al., 2005; Yovel and Kanwisher, 2005).

Thus, it is rather surprising that while several studies have dealt
with the effective connectivity of face-processing areas, none of
them considered the role of the LO in the network. In a previ-
ous fMRI study we found that LO has a crucial role in sensory
competition for face stimuli (Nagy et al., 2011). The activity of
LO was reduced by the presentation of simultaneously presented
concurrent stimuli and this response reduction, which reflects sen-
sory competition among stimuli, was larger when the surrounding
stimulus was a face when compared to a Fourier-phase random-
ized noise image. This result also supported the idea that LO
may play a specific role in face perception. Therefore, here we
explored explicitly, using methods of effective connectivity, how
LO is linked to FFA and OFA, members of the proposed core net-
work of face perception (Haxby et al., 1999, 2000, 2002; Ishai et al.,
2005).

MATERIALS AND METHODS
SUBJECTS
Twenty-five healthy participants took part in the experiment (11
females, median: 23 years, min.: 19 years, max.: 35 years). All of
them had normal or corrected to normal vision (self reported),
none of them had any neurological or psychological diseases. Sub-
jects provided their written informed consent in accordance with
the protocols approved by the Ethical Committee of the University
of Regensburg.

STIMULI
Subjects were centrally presented by gray-scale faces, non-sense
objects, and the Fourier randomized versions of these stimuli,
created by an algorithm (Nasanen, 1999) that replaces the phase
spectrum with random values (ranging from 0˚ to 360˚), leav-
ing the amplitude spectrum of the image intact, while removing
any shape information. Faces were full-front digital images of 20
young males and 20 young females. They were fit behind a round
shape mask (3.5˚ diameter) eliminating the outer contours of the
faces (see a sample image in Figure 1). Objects were non-sense,
rendered objects (n = 40) having the same average size as the face
mask. The luminance and contrast (i.e., the standard deviation
of the luminance distribution) of the stimuli were equated by
matching the luminance histograms (mean luminance: 18 cd/m2)
using Photoshop. Stimuli were back-projected via an LCD video
projector (JVC, DLA-G20, Yokohama, Japan, 72 Hz, 800 × 600
resolution) onto a translucent circular screen (app. 30˚ diame-
ter), placed inside the scanner bore at 63 cm from the observer.
Stimulus presentation was controlled via E-prime software (Psy-
chological Software Tools, Pittsburgh, PA, USA). Faces, objects,
and Fourier noise images were presented in subsequent blocks of
20 s, interleaved with 20 s of blank periods (uniform gray back-
ground with a luminance of 18 cd/m2). Stimuli were presented
for 300 ms and were followed by an ISI of 200 ms (2 Hz) in a
random order. Each block was repeated five times. Participants
were asked to focus continuously on a centrally presented fixa-
tion mark. These functional localizer runs were part of two other
experiments of face perception, published elsewhere (Nagy et al.,
2009, 2011).

DATA ACQUISITION AND ANALYSIS
Imaging was performed using a 3-T MR Head scanner (Siemens
Allegra, Erlangen, Germany). For the functional series we con-
tinuously acquired images (29 slices, 10˚ tilted relative to axial,
T2∗ weighted EPI sequence, TR = 2000 ms; TE = 30 ms; flip
angle = 90˚; 64 × 64 matrices; in-plane resolution: 3 mm × 3 mm;
slice thickness: 3 mm). High-resolution sagittal T1-weighted
images were acquired using a magnetization EPI sequence (MP-
RAGE; TR = 2250 ms; TE = 2.6 ms; 1 mm isotropic voxel size)
to obtain a 3D structural scan (For details, see Nagy et al.,
2011).

FIGURE 1 | Sample stimuli of the experiment. All images were
gray-scale, same in size, luminance, and contrast. Left panel shows a face,
gender specific features (such as hair, jewelry etc.) was hidden behinds an
oval mask. Middle panel shows a sample non-sense geometric object,
while right panel shows the Fourier-phase randomized version of objects,
used as control stimuli.
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FIGURE 2 |The 28 analyzed models. Black lines mark the division between the three families, having different A matrix structures. For details, see Section
“Materials and Methods.”

Functional images were corrected for acquisition delay,
realigned, normalized to the MNI space, resampled to
2 mm × 2 mm × 2 mm resolution and spatially smoothed with a
Gaussian kernel of 8 mm FWHM (SPM8, Welcome Department
of Imaging Neuroscience, London, UK; for details of data analysis,
see Nagy et al., 2011).

VOI SELECTION
First, volumes of interests (VOI) were selected, based on activ-
ity and anatomical constraints (including masking for relevant
brain regions). Face-selective areas were defined as an area showing
larger activation for faces compared to Fourier noise images and

objects. FFA was defined within the Lateral Fusiform Gyrus, while
OFA within the IOG. LO was defined from the Object > Fourier
noise and face images contrast, within the Middle Occipital Gyrus.
VOI selection was based on the T-contrasts adjusted with F-
contrast, (p < 0.005 uncorrected with a minimum cluster size of
15 voxels). VOIs were spherical with a radius of 4 mm around
the peak activation (for individual coordinates, see Table A1 in
Appendix). The variance explained by the first eigenvariate of the
BOLD signals was all above 79%. Only right hemisphere areas
were used in the current DCM analysis as several studies point to
the dominant role of this hemisphere in face perception (Michel
et al., 1989; Sergent et al., 1992).
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EFFECTIVE CONNECTIVITY ANALYSIS
Effective connectivity was tested by DCM-10, implemented in
SPM8 toolbox (Wellcome Department of Imaging Neuroscience,
London, UK), running under Matlab R2008a (The MathWorks,
Natick, MA, USA). Models of DCM are defined with endogenous
connections, representing coupling between brain regions (matrix
A), modulatory connections (matrix B), and driving input (matrix
C). Here in the A matrix we defined the connections between the
face-selective regions (FFA and OFA) and LO. Images of faces and
objects served as driving input (matrix C) and at this analysis step
we did not apply any modulatory effects on the connections.

Model estimation aimed to maximize the negative free-energy
estimates of the models (F) for a given dataset (Friston et al., 2003).
This method ensures that the model fit uses the parameters in a
parsimonious way (Ewbank et al., 2011). The estimated models
were compared, based on the model evidences p(y |m), which is
the probability p of obtaining observed data y given by a partic-
ular model m (Friston et al., 2003; Stephan et al., 2009). In the
present study we apply the negative free-energy approximation
(variational free-energy) to the log evidence (MacKay, 2003; Fris-
ton et al., 2007). Bayesian Model Selection (BMS) was carried out
on both the random (RFX) and fixed (FFX) effect designs (Stephan
et al., 2009). BMS RFX is more resistant to outliers than FFX and it
does not assume that the same model would explain the function
for each participant (Stephan et al., 2009). In other words RFX is
less sensitive to noise. In the RFX approach the output of the analy-
sis is the exceedance probability of the model space, which is the
extent of which one model is more likely to explain the measured
data than other models. The other output of the RFX analysis is
the expected posterior probability, which reflects the probability
that a model generated the observed data, allowing different dis-
tributions for different models. Both of these parameter values are
reduced by the broadening of the model space (i.e., by increasing
the number of models), therefore they behave in a relative manner
and models with shared features and implausible models may dis-
tort the output of the analysis. Therefore, in addition to the direct
comparison of the 28 created models we partitioned the model
space into families, having similar connectivity patterns, using the
methods of Penny et al. (2010).

Since several previous DCM studies point to the close bidirec-
tional connection between FFA and OFA (Ishai, 2008; Gschwind
et al., 2012) in our analysis these two areas were always linked to
each other and LO was connected to them in every biologically
plausible way. The 28 relevant models were divided into three
model-families based on structural differences (Penny et al., 2010;
Ewbank et al., 2011). Family 1 contains models with linear con-
nections among the three areas, supposing that information flows
from the LO to the FFA via the OFA. Family 2 contains models
with a triangular structure where LO sends input directly to the
FFA and the OFA is also directly linked to the FFA. Family 3 con-
tains models, in which the three areas are interlinked, supposing
a circular flow of information (Figure 2). In order to limit the
number of models in this step of the analysis the inputs modu-
lated solely the activity of their entry areas. The three families were
compared by a random design BMS.

Second, the models from the winner family were elabo-
rated further by creating every plausible model with modulatory

FIGURE 3 | Results of BMS RFX on the level of families. (A) The
expected probabilities of family-based comparison are shown, with the joint
exceedance probabilities (B).

connections, applying three constraints. First, both faces and
objects modulate at least one inter-areal connection. Second, in
case of bidirectional links the modulatory inputs have an effect on
both directions. Third, if face gives a direct input into OFA then
we assume that it always modulates the OFA–FFA connection as
well (see Table A2 in Appendix). These models were entered into a
second family-wise random BMS analysis. Finally, members of the
winner sub-family were entered into a third BMS to find a single
model with the highest exceedance probability.

RESULTS
Bayesian model selection was used for deciding which model fam-
ily explains the measured data best. As our results show the third
family out-performed the other two, having an exceedance prob-
ability of 0.995 compared to the first family’s 0.00 and the second
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family’s 0.004 (Figures 3A,B). The winner model family (Fam-
ily 3; Figure 2, bottom) contains 12 models, having connections
between the LO and FFA, OFA and FFA, and LO and OFA as well,
but differing in the directionality of the connections as well as in
the place of input to the network.

As a second step, all possible modulatory models were designed
for the 12 models of Family 3 (see Table A2 in Appendix; Mate-
rials and Methods for details). This led to 122 models, which
were entered into the BMS family-wise random analysis, using
12 sub-families. As it is visible from Figures 4A,B, model sub-
family 4 out-performed the other sub-families with an exceedance
probability of 0.79. As a third step, the models within the winner

FIGURE 4 | Results of BMS RFX on the level of sub-families. (A) The
expected probabilities of family-based comparison are shown, with the joint
exceedance probabilities (B).

sub-family 4 [corresponding to the A matrix of Model 20 of the
first BMS (Figure 2), however, with different modulatory connec-
tions] were entered into a random effect BMS. Figure 5 presents
the 18 tested variations of Model 20. The model with the highest
exceedance probability (p = 0.75) was model 4 (see Figure 6). This
means that the winner model contains bidirectional connections
between all areas and face and object inputs, surprisingly, both
enter into the LO. In addition, faces have a modulatory effect on
the connection between LO and FFA, while objects modulate the
connection between LO and OFA.

FIGURE 5 | Models of sub-family 4. All models have the same DCM.A
structure (identical with model 20 in Family 3), DCM.B structure differs
from model to model. Dashed arrows symbolized face modulatory effect,
while dotted square-arrows shows object modulation.
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FIGURE 6 | Results of BMS within sub-family 4. (A) The expected
probabilities of family-based comparison are shown, with the joint
exceedance probabilities (B).

For analyzing parameter estimates of the winner model across
the group of subjects a random effect approximation was used. All
the subject-specific maximum a posteriori (MAP) estimates were
entered into a t -test for single means and tested against 0 (Stephan
et al., 2010; Desseilles et al., 2011). The results indexed with an
asterisk on Figure 7 differed significantly from 0 (p < 0.05).

DISCUSSION
The major result of the present effective connectivity study sug-
gest that (a) LO is linked directly to the OFA–FFA face-processing

FIGURE 7 |The structure of the winner model. Simple lines signify the
object and face input stimuli to the system (DCM.C). Black arrows show
inter-regional connections (DCM.A) while the red arrows stand for the
modulatory connections (DCM.B): face modulation is signified with dashed
arrows, while object modulation is signified with square-head dashed
arrows. Group-level averages of MAP estimates and 95% confidence
intervals are illustrated. The averages were tested against 0 and significant
results are signified with ∗ if p < 0.05.

system via bidirectional connections to both areas; (b) non-face
and face inputs are intermixed at the level of occipito-temporal
areas and enter the system via LO; (c) face input has a modulatory
effect on LO and FFA connection, while object input modulates
the LO and OFA connection significantly.

The role of LO in object perception is well-known from previ-
ous studies (Malach et al., 1995; Grill-Spector et al., 1998a,b, 2000;
Lerner et al., 2001, 2008). However, in spite previous studies usu-
ally found an increased activity for complex objects, as well as for
faces in LO, the area is usually associated with objects and rela-
tively less importance is attributed to its role in face-processing.
In the present study, effective connectivity analysis positioned the
LO in the core network of face perception. The direct link between
OFA and FFA has been proven previously both functionally and
anatomically (Gschwind et al., 2012). However, as there is no cur-
rent data available regarding the role of LO in this system, we
linked it to the other two regions in several plausible ways.

The first random BMS showed that in the winner model family
LO is interconnected with both FFA and OFA and the connec-
tions are bidirectional. Therefore, it highlights that LO may have
a direct structural connection to FFA. With modeling all the pos-
sible modulatory effects we found that a sub-family of models
won, where both object and face inputs enter the system via
the LO, supposing that the LO plays a general and important
input region role. Since previous functional connectivity stud-
ies all started the analysis of the face-processing network at the
level of IOG, corresponding to OFA (Fairhall and Ishai, 2007;
Ishai, 2008; Cohen Kadosh et al., 2011; Dima et al., 2011; Foley
et al., 2012) it is not surprising that they overlooked the signif-
icant role of LO. However, faces are actually a distinct category
of visual objects, suggesting that neurons sensitive to objects and
shapes should be activated, at least to a certain degree, by faces
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as well. Indeed, single-cell studies of non-human primates sug-
gest that the inferior-temporal cortex, the proposed homolog of
human LO in the macaque brain (Denys et al., 2004; Sawamura
et al., 2006) has neurons responsive to faces as well (Perrett et al.,
1982, 1985; Desimone et al., 1984; Hasselmo et al., 1989;Young and
Yamane, 1992; Sugase et al., 1999). The intimate connection of LO
to OFA and FFA, suggested by the present study could underline
the fact that faces and objects are not processed entirely sepa-
rately in the ventral visual pathway, a conclusion supported by
recent functional imaging data as well (Rossion et al., 2012). The
modulatory effect of face input on the LO–FFA connection sug-
gests that LO must play a role in face-processing, most probably
linked to the earlier, structural processing of faces, a task previ-
ously put down mostly to OFA (Rotshtein et al., 2005; Fox et al.,

2009). Finally, the group-level parameters of the winner model
show that the link between the LO, OFA, and FFA are mainly hier-
archical and the feedback connections from FFA toward OFA and
LO play a weaker role in the system, at least during the applied
fixation task.

In conclusion, by modeling the effective connectivity between
face-relevant areas and LO we suggest that LO plays a significant
role in the processing of faces.
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APPENDIX

Table A1 |The MNI coordinates of the respective maximal activations within FFA, OFA, and LO of our subject sample.

FFA (x, y, z) OFA (x, y, z) LO (x, y, z)

1. 42 −58 −14 36 −74 −18 54 −70 −2

2. 48 −48 −26 48 −76 −18 50 −74 −8

3. 40 −58 −20 38 −86 −8 40 −84 −8

4. 48 −48 −22 44 −76 −16 54 −70 −2

5. 48 −50 −20 46 −74 −10 52 −68 −4

6. 38 −50 −22 38 −72 −16 44 −76 4

7. 40 −48 −22 38 −86 −18 56 −68 −8

8. 42 −42 −24 38 −86 −18 56 −68 −8

9. 46 −58 −18 48 −76 −12 56 −70 −4

10. 40 −62 −20 44 −84 −8 44 −82 −10

11. 40 −56 −24 42 −84 −12 48 −80 −6

12. 44 −52 −20 40 −76 −8 46 −82 −2

13. 48 −62 −28 36 −84 −12 50 −80 4

14. 38 −54 −22 46 −82 −10 40 −78 2

15. 42 −64 −18 56 −66 −2 54 −68 −2

16. 52 −52 −30 46 −76 −20 46 −80 −4

17. 44 −50 −16 40 −80 −10 50 −72 2

18. 46 −60 −14 44 −78 −12 52 −76 −2

19. 48 −58 −20 42 −82 −14 40 −80 −4

20. 40 −50 −24 36 −74 −18 44 −82 −10

21. 40 −54 −22 44 −74 −14 54 −74 −6

22. 40 −58 −16 40 −78 −40 50 −76 −2

23. 46 −52 −18 42 −74 −12 48 −80 0

24. 42 −44 −26 44 −70 −16 34 −78 −2

25. 48 −48 −24 46 −74 −10 52 −70 −4

Mean 43.6 −53.44 −21.2 42.48 −77.68 −14.08 48.56 −75.44 −3.44

St. Dev. 3.9 5.8 4.1 4.7 5.4 6.9 5.9 5.3 4.0
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Table A2 | All possible modulatory models of Family 3.

LO to FFA (object) LO to OFA (object) OFA to FFA (face)

17_1 0 1 1

17_2 1 0 1

17_3 1 1 1

LO to OFA (object) LO to OFA (face) LO to FFA (object) LO to FFA (face) OFA to FFA (face)

18_1 0 0 1 1 0

18_2 0 1 1 0 0

18_3 0 1 1 1 0

18_4 1 0 0 1 0

18_5 1 0 1 1 0

18_6 1 1 0 0 0

18_7 1 1 1 0 0

18_8 1 1 0 1 0

18_9 1 1 1 1 0

18_10 0 0 1 1 1

18_11 0 1 1 0 1

18_12 0 1 1 1 1

18_13 1 0 0 1 1

18_14 1 0 1 1 1

18_15 1 1 0 0 1

18_16 1 1 1 0 1

18_17 1 1 0 1 1

18_18 1 1 1 1 1

OFA to FFA (face) LO to OFA (face) LO to OFA (object) LO to FFA (object)

19_1 1 0 0 1

19_2 1 0 1 1

19_3 1 1 0 1

19_4 1 1 1 1

19_5 1 0 0 1

19_6 1 0 1 1

19_7 1 1 0 1

19_8 1 1 1 1

LO to OFA (object) LO to OFA (face) LO to FFA (object) LO to FFA (face) OFA to FFA (face)

20_1 0 0 1 1 0

20_2 0 1 1 0 0

20_3 0 1 1 1 0

20_4 1 0 0 1 0

20_5 1 0 1 1 0

20_6 1 1 0 0 0

20_7 1 1 1 0 0

20_8 1 1 0 1 0

20_9 1 1 1 1 0

20_10 0 0 1 1 1

20_11 0 1 1 0 1

20_12 0 1 1 1 1

20_13 1 0 0 1 1

20_14 1 0 1 1 1

20_15 1 1 0 0 1

20_16 1 1 1 0 1

20_17 1 1 0 1 1

20_18 1 1 1 1 1

(Continued)
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Table A2 | Continued

LO to FFA (object) LO to OFA (object) OFA to FFA (face)

21_1 0 1 1

21_2 1 1 1

21_3 1 0 1

OFA to FFA (face) OFA to FFA (object) LO to FFA (object) LO to FFA (face)

22_1 1 0 1 0

22_2 1 0 1 1

22_3 1 1 0 0

22_4 1 1 1 0

22_5 1 1 0 1

22_6 1 1 1 1

OFA to FFA (face) OFA to LO (object) OFA to FFA (object) LO to FFA (object)

23_1 1 0 0 1

23_2 1 0 1 0

23_3 1 0 1 1

23_4 1 1 0 0

23_5 1 1 0 1

23_6 1 1 1 0

23_7 1 1 1 1

OFA to FFA (face) OFA to LO (face) OFA to LO (object) OFA to FFA (object) LO to FFA (object) LO to FFA (face)

24_1 1 0 0 0 1 0

24_2 1 0 0 0 1 1

24_3 1 0 0 1 0 0

24_4 1 0 0 1 1 0

24_5 1 0 0 1 0 1

24_6 1 0 0 1 1 1

24_7 1 1 0 0 1 0

24_8 1 1 0 0 1 1

24_9 1 1 0 1 0 0

24_10 1 1 0 1 1 0

24_11 1 1 0 1 0 1

24_12 1 1 0 1 1 1

24_13 1 0 1 0 0 0

24_14 1 0 1 0 1 0

24_15 1 0 1 0 0 1

24_16 1 0 1 0 1 1

24_17 1 0 1 1 0 0

24_18 1 0 1 1 1 0

24_19 1 0 1 1 0 1

24_20 1 0 1 1 1 1

24_21 1 1 1 0 0 0

24_22 1 1 1 0 1 0

24_23 1 1 1 0 0 1

24_24 1 1 1 0 1 1

24_25 1 1 1 1 0 0

24_26 1 1 1 1 1 0

24_27 1 1 1 1 0 1

24_28 1 1 1 1 1 1

LO to OFA (face) OFA to FFA (face) LO to OFA (object) LO to FFA (object) LO to FFA (face)

25_1 0 1 0 1 0

25_2 0 1 0 1 1

25_3 0 1 1 0 0

25_4 0 1 1 1 0

25_5 0 1 1 0 1

(Continued)
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Table A2 | Continued

25_6 0 1 1 1 1

25_7 1 1 0 1 0

25_8 1 1 0 1 1

25_9 1 1 1 0 0

25_10 1 1 1 1 0

25_11 1 1 1 0 1

25_12 1 1 1 1 1

OFA to FFA (object) OFA to FFA (face)

26_1 1 1

OFA to FFA (face) OFA to LO (face) LO to OFA (object) LO to FFA (object) LO to FFA (face)

27_1 1 0 0 1 0

27_2 1 0 0 1 1

27_3 1 1 0 1 0

27_4 1 1 0 1 1

27_5 1 0 1 0 0

27_6 1 0 1 1 0

27_7 1 0 1 0 1

27_8 1 0 1 1 1

27_9 1 1 1 0 0

27_10 1 1 1 1 0

27_11 1 1 1 0 1

27_12 1 1 1 1 1

OFA to FFA (face) OFA to FFA (object) OFA to LO (object) OFA to LO (face)

28_1 1 0 1 0

28_2 1 0 1 1

28_3 1 1 0 0

28_4 1 1 1 0

28_5 1 1 0 1

28_6 1 1 1 1

The existence or non-existence of the modulatory effects are coded binary, the names of the models are in accordance to Figure 1.
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