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Abstract 

 

One general principle of object representation in the brain is a hierarchy of 

cortical regions devoted to processing different object properties, from simple to 

complex, from local to the global. Along the pathway from posterior occipital to 

inferior temporal cortex, neurons evolve from tuning to local features such as 

lines and edges to selective for objects like faces and words. This dissertation 

will present three empirical studies that investigated the hierarchical 

representation of faces and words along the ventral pathway.  The first study 

focused on the neural responses to faces from ones’ own race than another race 

in both the occipital face area (OFA) and the fusiform face area (FFA).  The 

second study addressed the neural bases of invariant face identity 

representation, and showed that the representation of facial identity might involve 

face-sensitive areas beyond the core face network (i.e., the OFA and FFA), in 

particular a face area in the anterior inferior-temporal cortex. The third study 

demonstrated the differential functions of two word-related areas, a lateral 

occipital area and the so-called Visual Word Form Area (VWFA), in encoding 

visual structures of words. Together, the cumulative evidence suggests the 

existence of a series of cortical regions involved in processing of these two 

categories of objects, faces and words, for which people have extensive 

expertise. The functional organizations for these two object-pathways share a 
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significant amount of common features, presumably reflecting similar 

computational principles required. 
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Chapter 1. Introduction:  Distributed network for object 

representation 

 

 

1.1 Overview  

 

One of the greatest functions of the human vision system is its accurate 

recognition of objects across various viewing conditions. Although complicated 

computer vision algorithms have been developed in the past decades, their 

performance still fails far short to achieve the same level of human visual brain. 

In this introduction chapter, I first introduce the general framework of object 

representation in the brain. Then, using evidence from recent cognitive 

neuroscience studies, I will devote the rest of this chapter to two specific 

domains: the distributed networks in ventral temporal cortex for face perception 

and word perception. Reviews of these two domains provide background 

knowledge for studies described in Chapter 3, 4 and 5.  

 

1.2 Hierarchical representation of objects in the visual cortex  

 

From a computational perspective, object recognition is to extract each 

object’s unique identity information, which is invariant to confounding factors 
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such as illumination, viewing directions, etc. The current state-of-art recognition 

algorithms, like the Convolutional Neural Network, usually adopt a hierarchical 

model to process image input (Lecun & Bengio, 1995; Epshtein & Ullman, 2005; 

Zhu, Lin, Huang, Chen & Yuille, 2008). Compared with the flat model, such as 

the Hidden Markov Models (HMMs), the hierarchical model can calculate more 

complicated statistic with limited computation resources. Similarly, neurons in the 

biological visual system are also organized in a hierarchical manner. A general 

feed-forward signal processing starts from the posterior brain to the anterior brain 

with multiple visual pathways. Those in the early stage of the information flow 

encode simple and local features with precise spatial location. For instance, 

neurons in primary visual cortex are selective to edges/lines with certain 

orientations, which falls into their small receptive fields. In contrast, cells in later 

stages represent more complex and global feature with the cost of spatial 

accuracy, such as object selective neurons in lateral occipital complex (LOC) 

(Grill-Spector, Kushnir, Edelman, Itzchak, & Malach, 1998).  

 

Many fMRI imaging studies have identified several object selective regions 

along the ventral occipital –temporal cortex, among them the occipital face area 

(OFA) (Gauthier, Tarr, Moylan, Skudlarski, Gore & Anderson, 2000; Pitcher, 

Walsh & Duchaine, 2011), the fusiform face area (FFA) (Kanwisher, McDermott 

& Chun, 1997; McCarthy, Puce, Belger & Allison, 1999), the visual word form are 

(VWFA) (Cohen, Lehericy, Chochon, Lemer, Rivaud & Dahaene, 2002), and the 
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parahippocampal place area (PPA) (Epstein & Kanwisher, 1998). Each region is 

located by finding clusters of voxels with preferential response to one category of 

object than others. With this contrasting criterion, several areas with selectivity 

for the same category could be identified. This finding raises the question why 

does the brain need multiple regions to process the information. To address this 

problem, we need to understand, for a category of objects, the nature of 

representation in each selective region and the functional connections among 

these regions. In the rest of the introduction, we will focus on the functions of 

face-selective and word-selective regions in the ventral occipital-temporal cortex.   

 

1.1.1 The distributed network for face processing 

 

The fusiform face area (FFA), located laterally in the middle fusiform gyrus 

(BA 37), is the best identified face selective module (Kanwisher et al., 1997) and 

may be the most extensively studied one to date. Although most studies now 

explicitly or implicitly assume FFA as a pure face-processing module, its face-

specific function was under heated debate when it was first proposed. The 

routine paradigm of functionally locating FFA using fMRI is to compare neurons’ 

response to face with other non-face objects. One cluster of neurons in middle 

fusiform area was consistently discovered to show larger response to faces than 

other objects. However, some researchers suggested an alternative possibility 

that instead of being face-specific, FFA was responsible for within-category 
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discrimination of any familiar objects. FFA’s stronger response to face could be 

explained by its increased activity with increased familiarity of visual stimuli. Its 

response to novel, artificial objects was found to increase after observers 

became familiar to them (Gauthier, Tarr, Anderson, Skudlarski, & Gore, 1999). 

Study on bird and car experts also supported this hypothesis by showing that 

FFA’s response magnitude to birds or cars correlated with subjects’ degree of 

expertise (Gauthier et al., 2000). However, Grill-Spector, Knouf & 

Kanwisher(2004) provided evidence against the expertize hypothesis. In their 

study, FFA’s response exhibited positive correlation with the successful detection 

and identification of faces, whereas the recognition of common objects correlated 

with other region in occipitotemporal cortex. They also failed to duplicate the 

correlation between degree of expertise and FFA’s response. More work has 

been done regarding the debate between modular and expertize explanation of 

the FFA’s function. In my opinion, the FFA could be viewed as a processing 

center for faces in normal people, but the brain may use it to represent objects 

that we acquired expertize after extensive training.  

 

In addition to the FFA, other face areas such as the occipital face area 

(OFA) and the posterior superior temporal sulcus (STS) (Haxby, Ungerleider, 

Clark, Schouten, Hoofman & Martin, 1999; Halgren, Dale, Sereno, Tootell, 

Marinkovic & Rosen, 1999) were also consistently identified across various 

studies (see Figure 1-1.). The findings that multiple neuronal clusters participated 
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in face perception suggested that different aspects of face processing might be 

supported by different regions in this distributed network. One theoretical 

framework proposes the existence of two separable routes among these regions: 

one along the ventral temporal cortex for face identity recognition and another 

reaches the superior temporal sulcus for facial expression analysis (Calder & 

Young, 2005; Haxby, Hoffman & Gobbini, 2000). The anatomical location of OFA 

suggests its early stage in face processing and it could provide input to both FFA 

and STS. The ventral route from OFA to FFA is the candidate for identity 

recognition, whereas the route from OFA to STS focuses on extracting social 

cues from faces. 
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Figure 1-1. Face-selective areas on an inflated brain of one subject, shown from 

lateral and ventral views of the right and left hemispheres (Kanwisher & Yovel, 

2006).  

 

1.1.2 Distinction between recognition of invariant identities and 

processing of changeable facial cues 

 

The conceptual model of the distinction between identity and expression 

recognition processes was first brought up by Bruce and Young (1986). Behavior 
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and neuropsychological studies have provided clues that the neurological 

implementation of this model could be the independent coding system of FFA 

and STS. Patients with prosopagnosia, who had lesions in the middle fusiform 

gyrus, showed less impairment of expression identification than identity 

recognition (Bruyer et al., 1983; Tranel et al., 1988). However, to claim 

independent functions of two regions requires the evidence of double 

dissociation. Most brain imaging evidence showing that FFA is involved in coding 

of identity while STS is for expression, comes from studies that did not include 

identity and expression conditions in the same study. Only a few of them 

compared the role of FFA and STS in a single experiment. Direct evidence was 

provided by Hasselmo, Rolls & Baylis (1989)’s investigation of face-selective 

cells in macaques. Neurons responsive to identity but not modulated by 

expression were primarily located in inferior temporal gyrus. Meanwhile, those 

responsive to expression regardless of identity were primarily in the superior 

temporal sulcus. There are also two human brain-imaging studies reflecting the 

double dissociation of FFA and STS’s facial representation. Repeated 

presentation of the face with same identity led to reduced response in fusiform 

cortex and posterior part of STS, while repeating emotional expression led to a 

suppression effect in more anterior part of STS (Winston, Henson, Fine-Goulden 

& Dolan, 2004). Moreover, STS’s activity was enhanced when subject’s attention 

was diverted to the emotion of a face compared to the identity of a face, whereas 

two tasks had equivalent effect on FFA’s response (Narumoto, Okada, Sadato, 
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Fukui & Yonekura, 2001).  The functional specialization of the STS and the FFA 

is still preserved in the unconscious state (Jiang & He, 2006). The FFA’s 

activation of faces, irrespective of its expression, significantly decreased when 

they could not be consciously perceived. Nevertheless, the STS still exhibited 

preferential response to fearful faces than neutral faces. Since the feedback 

among cortical regions is blocked under the unconsciousness perception, the 

dissociable system of the STS and the FFA might primarily exist in the feed-

forward processing of faces. 

 

The distinction between FFA and STS raise a further question: why the 

facial processing is divided into two routes. Haxby and colleagues (2000) argued 

that social cues like expression are dynamic and constantly changing, whereas 

facial identity is invariant. These dynamic cues are crucial during the social 

encounter and accurate perception of them requires the integration of the shape 

of the face, the motion of mouth and eyes and even the speech made by a 

person. STS may serve as an integration center. Besides input from visual cortex, 

it also has fiber connected to the auditory cortex (Seltzer & Pandya, 1978) and 

the middle temporal cortex (MT) (O’Tool, Roark & Abdi, 2002), which is 

commonly considered as a motion perception center. 

 

1.1.3 Identity Representation in inferior temporal cortex 
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People have the general ability to recognize faces from different directions, 

different distance in multiple background.  A large body of research focused on 

finding cortical regions that could support this invariant perception. 

 

 In light of human’s extraordinary face recognition performance, we could 

infer that the final representation of each individual’s face should be 

distinguishable from each other and invariant under different viewing conditions. 

First, we will approach this question through the line of invariant perception. 

Limited by fMRI’s spatial resolution, subtle functional property of a small region 

like FFA is difficult to be detected with direct measurement. Therefore, most 

studies examining the FFA’s invariant representation adopted the fMRI 

adaptation paradigm, which could reveal the sub-voxel selectivity in BOLD signal 

analysis. The logic and advantage of this paradigm will be discussed in Chapter 

2. With the help of fMRI adaptation, the FFA’s response has been demonstrated 

to be position invariant (Kovacs et al., 2008) and size invariant (Andrews & 

Ewbank, 2004; Grill-Spector, Kushnir, Edelman, Avidan, Itzchak & Malach, 1999; 

Kovacs, Cziraki, Vidnyanszky, Schweinberger & Greenlee, 2008). The OFA, 

which is in inferior occipital gyrus (BA 19), is at an earlier stage compared the 

FFA in the stream of face processing. This region is sensitive to location change 

(Kovacs et al., 2008), but has achieved the size-invariant representation 

(Andrews & Ewbank, 2004). However, both FFA and OFA are still sensitive the 

viewpoint change, which was consistently reported in many studies (Andrews & 
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Ewbank, 2004; Fang, Murray & He, 2007; Xu, Yue, Lescroad, Biederman & Kim, 

2009).  

 

Another important aspect of FFA’s property, which implies that it 

represents more than local features, is its holistic processing of faces. The 

inversion effect in face perception is a behavioral landmark showing the holistic 

shape representation of face. People have advantage in discriminating between 

upright faces than inversed faces and this advantage is much more pronounced 

in face than other non-face stimuli (see Valentine, 1998 for a review). Similar to 

behavior performance, FFA’s larger response to upright face than inverted face is 

more prominent for faces than houses (Yovel & Kanwisher, 2004, 2005), 

regardless of the specific behavioral task the subjects performed.  The FFA is 

also sensitive to the spatial configuration between parts of the face, like the T 

shape between eyes and mouth (Liu, Harris & Kanwisher, 2010). In contrast, 

OFA can be evoked as long as parts of the face are presented, even if they are 

positioned in impossible spatial configuration (Liu et al, 2010). All these 

investigations converge to support that the face representation in the FFA 

encodes the integration of local features and has a certain degree of invariance. 

Therefore, the FFA is likely the site where identity is represented.  

  

Accurate discrimination between individual faces is another challenge of 

identity recognition in addition to invariant requirement. In the field of identity 
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representation, there is a long lasting debate about two alternative representation 

theories: “grandmother cell” vs. distributed representation. The grandmother cell 

hypothesis assumes that each individual’s face has a limited number of 

corresponding cells that will be activated as long as this individual appears. 

However, identity sensitive neurons found in Hasselmo et al. (1989) had so 

broad tuning that they were unable to respond to a single individual face. 

Therefore, identity is very likely to be represented by a population of neurons, 

and we could make use of fMRI to investigate the relationship between a small 

region’s response pattern and identities of faces.  

Using fMRI adaptation, Rotshein, Henson, Treves, Driver & Dolan (2004) 

discovered that the distinction between neural representations of different 

individuals was established at the stage of FFA. The fMRI adaptation effect by 

two pairs of faces was measured in both the FFA and OFA. Both pairs have the 

same amount of physical differences, but one pair of them was perceived as the 

same person while the other pair was perceived as two different people. These 

two pairs of faces resulted in similar adaptation effect in OFA, but the one pair 

perceived to be the same person led to larger adaptation effect in the FFA. 

Therefore, the FFA is likely to be the site where neurons start to code the identity 

of a face instead of the simple physical properties.  

In addition to fMRI adaptation, multiple voxel pattern analysis (MVPA) is a 

rising method of statistical analysis. The conventional method used the average 

response of many voxels in a region to represent its property, which reduces the 
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noise of the final result but omits the variations across voxels. MVPA takes the 

inter-voxel relationship into account and presumes this voxel-wise relationship is 

related to the perceptual state (The detailed description of MVPA is included in 

chapter 2). Most MVPA studies aim to determine whether the response pattern of 

a region elicited by one kind of stimulus is differentiable from another kind of 

stimulus. In the case of FFA’s representation of individual identity, if the FFA’s 

response patterns of different individuals’ faces are distinct from each other, we 

can infer that identity is represented in this area. Nestor, Plaut & Behrmann 

(2011) reported an above chance-level performance of FFA’s response in 

identifying individual face. Moreover, the cross viewpoint invariant discrimination 

performance improved from posterior to anterior region in inferior temporal cortex 

(Anzelotti, Fairhall & Caramazza, 2014). However, FFA failed to provide identity 

information in other investigations (Kriegeskorte, Formisano, Sorger & Goebel, 

2007; Natu, Jiang, Narvekar, Keshvari, Blanz & O’Tool, 2010; Goesaert & de 

Beeck, 2013).  

 

1.1.4 Identity representation beyond the FFA 

 

Several lines of studies about identity representation provide clues that 

another face sensitive region in anterior inferior temporal cortex may play an 

important role in face perception and identification. 
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Single-unit recording and fMRI studies in macaque’s brain (Bell, Hadj-

Bouziane, Frihauf, Tootell & Ungerleider, 2009; Tsao, Schweers, Moeller & 

Freiwald, 2008) identified additional three face sensitive areas in anterior 

temporal cortex: anterior face patch in STS fundus (AF), anterior face patch on 

STS lip (AL) and anterior face patch on the ventral surface of inferior temporal 

cortex (AM).  Neurons in anterior face patches actually provide more information 

than those in middle fusiform face patches in decoding individual identity of face 

(Rolls, Treves, Tovee & Panzeri, 1997). Face selective neurons in anterior 

temporal cortex exhibited more invariance than those in middle fusiform area. 

Face patches in middle inferior temporal cortex was tuned to face orientation with 

the peak response to one orientation, but anterior temporal cortex showed some 

symmetric mirror tuning of direction (Freiewald & Tsao, 2010). Furthermore, the 

selectivity of individual face in middle temporal patch may be the result of 

feedback from more anterior face areas (Tsao, Freiwald, Tootell & Livingstone, 

2006).  

Human brain imaging studies, usually based on the method of MVPA, also 

found the involvement of anterior inferior temporal cortex (aIT) in face 

identification. aIT was reported in many studies (Kriegeskorte et al., 2007; Natu 

et al., 2010; Nestor et al., 2011; Goesaert & de Beeck, 2013) to be more 

informative in discriminating individual faces than the FFA. The discrimination 

performance of aIT is more invariant to viewpoint than that of FFA (Anzelotti et al., 

2014). 
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1.2 The distributed network for word representation 

 

Words are a kind of visual stimulus that a majority of people in the modern 

society have acquired expertise with. A large body of research believed the 

existence of a specialized processing route for visual word, similar to that of face 

processing. The core area for the word representation, analogous to the FFA for 

faces, is located in the middle fusiform area, called the Visual Word Form Area 

(VWFA). 

 

The VWFA was first defined by its location invariant, preferential response 

to words than non-word common objects (Cohen, Dehaene, Naccache, Lehericy, 

Dehaene-Lambertz, Henaff & Michel, 2000; Cohen et al., 2002). It could only be 

activated by written word, but not spoken word (Dehaene, Le Clec’H., Poline, Le 

Bihan & Cohen, 2002). Moreover, real words and readable pseudo words evoked 

equal magnitude of response in this area (Cohen et al., 2002). In light of the 

above evidence, the VWFA was considered as representing only visual form of 

words.  

However, debates were raised about VWFA’s modality specific and pre-

lexical presentation of words. VWFA was also found to be activated when 

subjects performed in other tasks, such as naming colors, naming pictures, 

repeating auditory words and etc (see Price & Devlin, 2003 for a review). The 
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pre-lexical representation was also under doubt. Using fMRI adaptation, Glezer, 

Jiang & Riesenhuber (2009) showed that VWFA’s representation of real word is 

categorical- the difference between any two real words’ response pattern was the 

same. In contrast, the VWFA’s representation of pseudo word is modulated by its 

physical properties- two pseudo words with more overlap of their compositional 

characters would elicited more similar response pattern. Moreover, the VWFA 

was activated even when the blind read Braille, suggesting its role as a 

metamodal reading area (Reich, Szwed, Cohen & Amedi, 2011). In summary, the 

VWFA did involve in the representation of the visual word form, but it is far more 

difficult to conclude that it is dedicated only to this function. 

 

Similar to face representation, the neural system might include several 

regions in representing words. The VWFA’s role in word related network is 

similar to that of FFA in face processing. The word representation in VWFA is 

location invariant (Cohen et al., 2000), case invariant (Dehaene, Naccache, 

Cohen, Le Bihan, Mangin, Polin & Riviere, 2001) and font invariant (Dehaene et 

al., 2002). Besides the invariance property of the VWFA response, researchers 

were interested in whether the VWFA could encode the spatial configuration of 

the word. The VWFA was more active when subjects performed an orthography 

related task than phonological or semantic task (Guo & Burgund, 2010). The 

configuration rules of natural objects like faces are regular because all objects 

follow the same set of principles. Words are artificially man-made objects. For 
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language with regular spelling, it is easy to judge whether a word follow the 

orthography rules. For language with irregular spelling like English, the 

orthography rules are usually expressed in the term of probability: the typicality or 

familiarity of combination of letters actually defines the orthography. Hauk, Davis 

& Pulvermüller  (2008) found a negative correlation between the activation of left 

fusiform gyrus and the frequency of the word. 

 

In fact, the investigation of orthography representation usually involved a 

distributed network of word processing beyond the VWFA. Vinckier, Dehaene, 

Jobert, Dubus, Sigman & Cohen (2007) systematically manipulated the 

frequency of the words’ components and discovered a gradient selectivity of 

orthography: the posterior part of the ventral cortex was sensitive to the 

frequency of letters or bigrams, while the anterior part was sensitive to longer 

combination such as quadrigrams or the whole string. Another study from 

Woollams, Silani, Okada, Patterson & Price (2011) provided the consistent 

evidence - The posterior part of the left ventral temporal cortex was more 

activated as long as the string has typical arrangement of letters. In contrast, the 

anterior part of the left ventral temporal lobe responded more strongly when a 

letter string had lexical meaning. 

 

1.3 Summary 
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Research regarding face and word representation in the brain provided 

converging evidence that a hierarchical model existed along the occipital-ventral 

temporal cortex. From posterior to anterior, neurons become more invariant to 

local features and more sensitive to the identity of each object. The current 

challenge of object recognition is to understand how each region process the 

information from the previous stage and whether there is a general principle in 

representations for all kinds of objects. 
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Chapter 2. General Methods 

 

 

2.1 Overview 

 

Functional MRI has become a dominant method in human cognitive 

neuroscience study. Although fMRI has the best spatial resolution among all 

current neuroimaging methods, it still fails to meet the demand of some research. 

In this chapter, we will briefly review the conventional method and two advanced 

experimental methods, which improve the sensitivity of fMRI from different 

perspectives. 

 

2.2 The fMRI adaptation paradigm 

 

The goal of most fMRI investigation is to draw the response function of a 

population of neurons after they are activated from a resting, silent state. The 

BOLD signal measured in fMRI techniques is proportional to the average neural 

activity over a certain space and a certain period of time (Boyton, Engel, Glover 

& Heeger, 1996). The smallest space from which the mean BOLD signal is 

extracted is called the voxel and the variation of neural activity within a voxel will 
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not be detected due to the average manipulation. For instance, the columnar 

organization of orientation in primary visual cortex (V1) is too fine to be 

discovered by human fMRI. Each voxel could cover multiple orientation columns, 

each of which has its own preferred orientation. The direct measurement of each 

voxel’s response to bars/edges will lead to no preferential response between 

different orientations. Building MRI scanner with high magnetic field is a direct 

way to improve the spatial resolution of the BOLD signal, but it is not feasible for 

most research institutes.  

Therefore, the fMRI adaptation paradigm is very important because it can 

bypass the spatial resolution of the MRI scanner (see Krekelberg, Boynton and 

Wezel., 2006 for a review). In the case of orientation selectivity, a voxel with no 

observed sensitivity of orientation will show reduced magnitude of the BOLD 

signal of one orientation after adaptation to it. fMRI adaptation has been used to 

demonstrate the functional property in various domains, such as the orientation 

selectivity (Larsson, Landy & Heeger, 2006), viewpoint tuning (Andrews & 

Ewbank, 2004; Fang et al., 2007), and others.  

 

There are two general types of fMRI adaptation design: block design and 

event related design. In block design, stimuli from the same condition are 

presented together as a block. This paradigm amplified the difference between 

each condition but the predictability of the next trial prevents it from wide 

application. The block-designed fMRI adaptation usually contains two conditions: 
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the identical condition with repeat presentation of the same stimulus and the 

different condition with alternative presentation of two or more types of stimuli. 

The stronger response amplitude of the different condition than the identical 

condition is the index of adaptation effect, sometimes referred as the release 

from adaptation. In contrast to block design, the event related design randomized 

the sequence of all test stimuli. In an fMRI adaptation experiment, a pair of the 

adapted and the test stimulus is presented as one independent event. The long 

duration of the adapted stimuli, compared to that of the test stimuli, is helpful to 

quantify the adaptation effect and experimental factors (Fang et al., 2007). 

 

2.3 Multiple Voxel Pattern Analysis (MVPA)  

 

The conventional analyses of fMRI data treats voxels as separate 

dependent variables. In a common GLM analysis, the time course of each voxel 

is independently fitted to a regression model with the same design matrix. The 

result is usually a statistical map from the location of each voxel to each voxel’s 

statistic, such as p value and beta weights. If a region of interest is pre-defined, 

the averaged statistic over all voxels within this region is calculated and 

compared between conditions. This conventional method omits the interaction 

between voxels, which may also contains the information.  
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The MVPA approach adopts the whole response matrix of all voxels as 

the object of analysis. The research question in MVPA study is a typical 

classification problem, like whether the response pattern in the FFA of two 

individual faces’ could be distinguished from each other. Therefore, the MVPA 

study needs to take advantage of advanced machine learning algorithms. 

However, this also raised a question about relationship between the classification 

performance and the true neural representation. For instance, the V1 cortex is 

retinotopic organized so that any objects with different spatial distributions have 

different response patterns in V1. Less meticulous experimental design could 

result in false positive in an MVPA study about V1’s function. In sum, we need to 

be cautious to jump into any conclusion based on positive result from a MVPA 

study, especially when there is no converging evidence from other methods.   



 

 22 

Chapter 3. Individuation of familiar and unfamiliar faces from 

own and other races  

 
 

3.1 Summary 

  

People have a poor recognition and memory performance for faces from 

other races. This robust own race advantage is possibly due to the very limited 

exposure to other races, and increasing familiarity of faces from other races 

might remedy or even cancel this effect. In the current study, we sought to 

investigate the neural correlates of this other-race effect. The MVPA method was 

adopted to test whether representations of individual faces from another race 

were noisier than those of the observers’ own race, and whether this gap was 

narrowed by increasing exposure (familiarity) to some faces from the other race. 

  

Results revealed significant interactions between familiarity and race in 

the left OFA and the bilateral FFAs. These regions’ responded more strongly to 

familiar/famous faces than unknown faces, and this familiarity effect was more 

prominent for faces from their own race. However, the spatial patterns of 

response across voxels for two race groups were indistinguishable in both the 

OFA and the FFA. There was also no difference between individuation of faces in 

these regions’ representations.  It is possible that more powerful classification 



 

 23 

methods could reveal the neural correlates for the other-race disadvantage. 

However, the current results may indicate the other-race effect may arise in other 

less investigated face-selective regions, such as the anterior inferior temporal 

cortex.  

 

3.2 Introduction 

 

Most people have experienced the difficulty of recognizing faces of other 

race’s individuals. The other race effect in face memory is especially prominent 

when the majority in one society tries to recognize the minority, but not vice versa 

(Carrow, 1986; Golby, Gabrieli, Chiao & Eberhardt, 2001). Moreover, there is an 

own race categorization effect (Levin, 2000), which describes the phenomenon 

that people usually group faces from other races faster and more accurately than 

those from their own race. The disadvantage in cross-race recognition could be 

the result of the less accurate representation in the encoding stage. When faces 

are projected from physical space into our internal, perceptual space, the 

differences between own race faces are amplified to make each individual face 

more distinctive.  

 

Previous brain imaging studies tried to address this question by showing 

that own race faces could elicit larger response in face selective areas. In 

Golby(2001) et al’s study, researchers measured participants’ brain activities 
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when they viewed pictures of their own and other race people during the 

encoding phase of a memory task. Higher response for own race face than other 

race face was found in bilateral Fusiform Face Area. Moreover, the same-race 

advantage in left fusiform gyrus’s activation correlated positively with the 

advantage in the same-race memory performance. However, the larger response 

magnitude of own race face did not always covariate with the people’s behavioral 

advantage on own race faces. The similar result was also found when subject 

performed a face categorization task, which actually indicated a other race 

advantage(Feng, Liu, Wang, Li, Li, Ge & Lee, 2011). Since the FFA’s activity has 

been reported to correlate with familiarity of faces (Grill-Spector et al., 2004; 

Gobbini, Leibenlufut, Santiago & Haxby, 2004), its stronger response to own race 

faces might reveal a similar effect. Therefore, these studies only suggest that the 

role of familiarity on the FFA, but could not explain why it is easier for people to 

discriminate between own race faces than other races’.  

 

The recent trend of using multiple-voxel pattern analysis provides us 

another tool to study how faces are represented in the brain. Natu, Raboy& 

O’Toole(2011) explored whether faces of different races result in differentiable 

patterns in the brain. In their study, voxels in the FFA were incapable to classify 

the race of a face by themselves. Only when all face-selective voxels along the 

occipital-ventral pathway were included, did the discrimination ability surpass the 

chance level.  A similar result was also reported in Brosch, Bar-Davide & 
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Phelps(2013)’s investigation. The classification performance for race decreased 

from the Occipital lobe to OFA and FFA. In contrast, Contreras, Banaji & Mitchell 

(2013) found larger correlation of within-race patterns than between-race 

patterns in FFA, not in OFA. In summary, face-selective neurons along the 

ventral temporal lobe could encode the categorical differences between races, 

but the specific location is still unclear. Furthermore, these MVPA studies did not 

tell us whether the neural individuation of own race face is more well established 

than that of other race face.  

 

The aim of the current study was to investigate whether the neural 

representations of other race faces were less distinctive than that of own race 

faces, and whether this disadvantage can be improved by increased exposure to 

the faces. To test our hypothesis, we examined Chinese participants’ BOLD 

signal to famous celebrities and unknown strangers of both Chinese and 

Caucasian descent.  First, we checked the influence of race and familiarity on 

mean activity in bilateral FFA and OFA. The FFA is commonly considered as the 

later visual processing stage than the OFA, so stronger modulation by complex 

factors, like familiarity and race, might be stronger in the FFA than the OFA. 

Second, we calculated the within-group and between-group correlation of the 

spatial pattern of voxel activity for all four types of faces. Higher within-group 

correlation than between-group correlation would indicate the response pattern of 

one race is systematically different that of the other race. Furthermore, we 
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compared the within-group variance of all four groups. If representations of 

individuals of the same group are more similar to each other, the within-group 

variance should be smaller than the group.  

 

3.3 Methods 

 

3.3.1 Participants 

 

Fourteen Chinese subjects (age range 20-30, 5 males) with normal or 

corrected-to-normal vision volunteered to participate in the fMRI experiment. All 

of them signed the written consent form approved for this study by the 

Institutional Review Board of Beijing MRI Center for Brain Research. 

  

3.3.2 Stimuli  

 

In the present study, the participant viewed four sets of digital 

photographs: famous Caucasian celebrities (e.g. actors and athletes), famous 

Chinese celebrities, unfamous Caucasian strangers and unfamous Chinese 

strangers (see Figure 3-1). All four groups have a pool of 21 photos. To ensure 

the famous faces could be recognized, each subject was asked to select those 

whose name can be recalled and the final set of famous individuals included 10-
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20 persons. All stimuli were presented using the Psychophysics Toolbox and 

Matlab. Stimuli were projected to a translucent screen in the rear of the scanner 

with a magnet-compatible projector. The subjects viewed the stimuli through a 

set of mirror connected to the head coil. Behavior response was collected with a 

button box. 

       

Figure 3-1. Example of faces used in the experiment. From left to right: Strange 

Chinese face, Strange Caucasian face, Famous Chinese face and Famous 

Caucasian face. 

 

3.3.3 fMRI Experimental Protocol 

 

The experimental protocol consisted of two functional localizer sessions, 

followed by nine experimental sessions. 

Two block-designed independent localizers were scanned to identify 

regions selectively responding to faces. Each session contained twelve 

randomized blocks of four categories: Chinese faces, Caucasian faces, line 

drawings of ordinary objects and scramble images of previous three groups. 

Because the size of line drawings’ picture varied from each other, all stimuli were 
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presented in front of a uniform noise square to make sure they projected to same 

amount of area in the early visual cortex. Stimuli were shown for 500ms with an 

inter-stimulus interval of 300ms. Each block last 16 seconds, followed by a 10 

seconds inter-block interval of fixation on the blank screen. The location of stimuli 

shifted around the fixation point to avoid local aftereffect.  During the session, the 

subjects were asked to report whether the stimuli was on the left or right to the 

fixation point, by pressing the left or right key. 

Following the localizer sessions, nine slow event-related experiment 

sessions were administered. In each trial, the stimuli appeared for 1 second in a 

randomized position around the fixation point, followed by an interval of varying 

duration between 9 – 12 seconds. There were 16 trials in total for each scan, with 

four trials in each experimental condition: famous Caucasian, famous Chinese, 

unknown Caucasian, unknown Chinese. Participants were instructed to respond 

whether they could recognize each face by pressing yes/no key.  

 

3.3.4 Data acquisition 

 

Participants were scanned with a 3T MRI scanner (Siemens Trio) at the 

Chinese Institute of Biophysics in Beijing, using a 12-element Head Matrix coil. 

Functional scans used a gradient echo T2 EPI sequence to acquire data (14 

slices of 2mm thickness; TR=2s). The scanned region covered both the occipital 

and temporal lobes. We also acquired a high-resolution (1×1×1 mm) three-
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dimensional T1-weighted whole brain anatomical image (1mm isotropic voxels, 

192 sagittal 1mm thick slice, 256×256 matrix with 1mm in-plane resolution, flip 

angle = 60°). 

 

3.3.5 fMRI data analysis 

 

After discarding the first two volumes, slices of all sessions were corrected 

for slice scan time and then aligned to the first one in the first localizer session, 

using six-parameter, rigid-body motion correction procedure in Brainvoyager. To 

remove slow drift from the data, functional images were temporally filtered with a 

high-pass filter (GLM-Fourier) of 2 cycles/session.   

 

Statistical analysis was performed separately in each subject in a voxel-

by-voxel manner. Functional data within each session was fitted with a 

generalized linear model. The design matrix for each model was constructed by 

convolving a canonical hemodynamic response function with a sequence of delta 

function representing occurrence of each event for each group. The fitted beta 

weight of the each event type was then used as the index for the response 

magnitude of this voxel to this type of stimuli. 

 

We used a correlation-based method to perform the multiple-voxel pattern 

analysis. First, the response amplitude was estimated by calculating the average 
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percentage change of signal over 5-8 second after the stimulus onset. We 

performed a 10-fold classification within each subject. There were 40 trials for 

each face category. We divided all response into 10 sections and use one part as 

test trials in classification. We calculated the mean response pattern for each 

face category using the left 36 trials. For each test trial, the correlation between it 

and the mean response pattern of each category was computed and it was 

classified to the category with maximum correlation. After repeating the same 

procedure for ten times, we could have a total classification result of each 

category. For each category, a one-sample t test was carried out on 14 subjects’ 

data to check whether the correct portion of classification was larger than 25%. 

 

3.4 Results 

 

3.4.1 Behavior Results 

 

During the scan, participants were asked to report whether they could 

recognize the face appeared in the screen. We counted the percentage of ‘yes’ 

responses for all four groups (see Table 3-1). The percentage of judging stimulus 

as ‘known’ was significantly higher for Famous faces than unknown faces 

(F(1,13)=113.4, p<0.0001). There was no difference across race in behavioral 

response (F(1,13)=0.333, p = 0.574). These behavior results confirmed the 
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validity our experimental manipulation: participants could recognize more people 

in the famous group regardless of their race. 

 

Table 3-1. The percentage of judging a face as known 

  Famous 

Caucasian 

Famous 

Chinese 

Unknown 

Caucasian 

Unknown 

Chinese 

 Mean percentage 75.65% 76.25% 18.04% 15.83% 

Standard Error 3.56% 3.85% 2.49% 2.54% 

 

 

3.4.2 Face selective region’s response modulated by familiarity and race 

 

Both Occipital Face Area (OFA) and Fusiform Face Area (FFA) were 

defined as clusters of voxels within occipital-temporal junction and middle 

fusiform gyrus, whose activities were significantly stronger when viewing faces of 

both races compared to line drawings of objects (at an uncorrected significant 

level of p<0.001). Another face selective region was identified around the 

superior temporal sulcus (STS) using the same criterion. All 14 subjects 

demonstrated bilateral FFA and right OFA. Thirteen subjects exhibited another 

OFA in left occipital cortex. STS was least frequently identified and was only 

found in 9 subjects’ right hemisphere. 
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Figure 3-2. Sample location of face-selective areas 

(Red: Occipital Face Area; Green: Fusiform face are) 

 

We then extracted the time courses of activation from each ROI in the 

event-related experiments. The time courses of each condition were averaged 

within each subject and the group averaged response curve was then calculated 

based on individual subjects’ result (see Figure 3-2.).  
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Figure 3-3. The averaged time course of five most frequent identified face areas 

 

To obtain a more reliable measurement of response magnitude, we 

performed a multiple-session GLM analysis for all nine experimental scans within 

each subject. Within each ROI, the beta weights associated with each condition 

were averaged over all voxels and used as the final index for the activation 

amplitude  (see Figure 3-3). Our data showed that right OFA has no selective 

response to any race or different level of familiarity (F(1,13) = 0.834, p = 0.375, 

ANOVA with repeated measurement). However, in left OFA and bilateral FFA, a 

significant interaction between race and familiarity was observed (Right FFA: 

F(1,13) = 5.904, p = 0.030; Left OFA: F(1,13) = 6.979, p = 0.016; Right FFA: 



 

 34 

F(1,13) = 6.042, p = 0.032). The modulation of familiarity on bilateral FFA and left 

OFA is stronger when participants viewed faces of their own race rather than 

other race (see Table 3-2 for the result of post-hoc analysis). We also found a 

significant main effect of familiarity in bilateral FFA (Right FFA: F(1,13) = 17.54, p 

= 0.001; Left FFA: F(1,13) = 7.745, p = 0.016). However, in right STS, the 

interaction of familiarity and race was absent and only a significant main effect of 

familiarity was found.   
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Figure 3-4. The averaged Beta weights for each condition in all ROIs 
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Table 3-2. The post-hoc analysis in all ROIs 

  

Caucasian Famous- 

Caucasian Unknown 

Chinese Famous-Chinese 

Unknown 

  mean p value† mean  p value† 

Right OFA 0.041 0.731 0.187 0.230 

Right FFA 0.352 0.029* 0.696 0.002** 

Left OFA 0.052 0.599 0.306 0.022* 

Left FFA 0.254 0.144 0.501 0.010** 

Right STS 0.181 0.292 0.162 0.292 

       †: p values adjusted after Holm-Bonferroni correction 

 

3.4.3 Response pattern in all face selective regions 

 

In addition to the traditional mean activity analysis, we were more 

interested in the information revealed by the multiple voxel pattern analysis. 

Within-category and between-category correlations were computed for all four 

classes in five ROIs. The correlation-based classification was performed in each 

subject. In bilateral OFA, above-chance level performance was observed for both 

famous and strange Caucasian faces. To the contrast, right FFA could 

distinguish two types of Chinese faces from other groups. Furthermore, when 

classifying patterns of Caucasian faces, it was easier to make a within-race 
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misclassification error. A famous Caucasian face was more likely to be judged as 

a strange Caucasian face than Chinese faces, and similar effect occurred to 

strange Caucasian faces. 

 

 

Figure 3-5. Classification of four groups based on correlation. 

Single star refer to above chance performance with p < 0.05, and double stars 

refer to significant above chance performance with p<0.01 

 

3.5 Discussion 
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The present study sought to address how lifetime experience- less 

frequent exposure to other race faces- influence the representation of faces. Our 

results demonstrate a significant interaction effect between familiarity and race in 

bilateral FFA and OFA. The greater activation for famous people than unknown 

people was more obvious for participants’ own race. Although the behavioral 

recognition performance for Chinese and Caucasian celebrities were close to 

each other, our brain could be more skilled at identifying famous people from 

one’s own race, whose images had larger possibility to be viewed in daily 

environment. The current findings indicate that FFA’s response magnitude could 

reflect one’s implicit familiarity to some faces. Moreover, the differential 

modulation effect was observed between right and left hemisphere, OFA and 

FFA. Compared to OFA, FFA was associated with more high-level features of 

face, like inverse effect, identity and etc. In accordance with previous studies, the 

interaction effect was observed in right FFA but not right OFA. In contrast, the 

OFA and FFA in the left hemisphere showed similar response to the 

experimental manipulation. This hemispheric asymmetry may be due to the 

requirements of our behavioral identification task. The right hemisphere may 

concentrate on the image-related coding of the input, whereas left hemisphere 

involve in associating the visual input with its corresponding semantic memory. 

Recognizing faces of famous people could automatically trigger the retrieval of 

the names and their background stories.   
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The behavioral task may also have led to one inconsistency between the 

current findings and most previous research, which is the absence of the race 

effect.  Chinese faces did not elicit stronger activation in bilateral FFA than 

Caucasian faces as many studies have reported. The modulation power of race 

could be weaker than that of familiarity. Therefore, in a task emphasizing the 

identity of each face, the influence of the weak factor may be overriden by a 

dominant factor. 

 

In the contrast to the FFA and OFA, the right STS showed only a simple 

main effect of familiarity. The characteristic feature of STS is its response to 

social cues contained in faces, like direction of eye gaze, emotional expression 

and etc (Narumoto et al, 2001; Campbell et al, 1989). Familiar people usually 

suggest more potential social interaction following recognition, which may explain 

why familiar faces could evoke stronger response in STS. Although the race of a 

face could also be viewed as one type of social cue, previous studies mostly 

mentioned the role of amygdala and anterior cingular cortex (ACC), but not STS, 

in the behavioral race effect. All these areas have been found to related to social 

or emotional cognition, but there are differences between their detailed functions.  

 

Besides the conventional mean activity analysis, pattern analysis of BOLD 

signal, which is less influenced by the behavioral task, was also conducted with 

current data. Our current results suggest that the OFA and the FFA could not tell 
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the categorical difference between different races or between famous people and 

strangers. However, it is too early to jump into this conclusion. First, the poor 

classification performance may due to an inconsistency between the statistical 

models and the real structure of data. In the case of familiarity, we could use the 

mean activity as the only criterion to classify visual input. Whenever the mean 

activity reach a certain threshold, the input should be given a label as famous 

people. Therefore, we could only make an inference that the difference between 

races is not expressed in the way of un-weighted voxels’ correlation.  

Second, the present results do not disagree with other published studies. 

The FFA was not consistently found to discriminate between own and other 

race’s face with the method of MVPA. Besides, the inclusion of voxels in earlier 

stage, like those in occipital cortex, could help to improve the classification 

performance. These findings were, to some degree, counter-intuitive, because 

features like race were supposed to be abstract and high-level, which should be 

represented in areas like the FFA.  We do not believe that representation of race 

information will violate general rules of functional organization of neural network. 

Nevertheless, we have not discovered a reliable way to describe where and how 

race is encoded in our brain. 

 

The main question of this study was whether the neural representations of 

individual faces from one’s own race were more distinctive than those from other 

races. The ideal way to address this question is to build a space with two 
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perpendicular base dimensions: one represents race and another represents 

identity. After dissociating the feature of race and identity, we could generate two 

sets of faces. Each set contains two faces from one race group and the 

differences between two faces in the dimension of identity are the same for both 

pairs. However, developing such an ideal space is almost impossible. One 

recognized multi-dimensional space for face was from Leopold, O’Toole, Vetter & 

Blanz(2001), which was based on the configuration of faces. When the identity of 

face varies in this space, its race property is probably being changed too, and 

vice versa. Thus, extracting one or two features that purely describe information 

about race from current developed space need a lot of computational work.  

Here we used a compromised way to measure the difference between 

individual objects from the same group. Suppose each group of objects expands 

a certain region in the high-dimensional space and each object could be 

represented by a vector with some randomness. From the level of groups, the 

average difference between individual objects could serve as an index describing 

the overall distinctiveness of group members’ representations. We used absolute 

value of within-group correlation to stand for this measurement. We predicted a 

lower within-group correlation for own-race faces than other-race faces. The 

results could not directly confirm our hypothesis, but it merely indicates that the 

correlation-based measurement is not sufficient to solve this problem.  

An alternative way to explore this problem would be to use a learning 

experiment. The response pattern of two individual, other race strangers may 
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become easier to discriminate after subjects have learned to discriminate them. 

Since such an experiment was designed to study individual face perception, the 

FFA might not be the place where this task is completed. Many studies have 

indicated anterior inferior temporal cortex as a more promising area for 

individuation of faces (Kriegeskorte et al., 2007; Natu et al., 2010; Nestor et al., 

2011; Goesaert & de Beeck, 2013). Thus, we could also extend our investigation 

to more anterior area than the FFA, where we might find the explanation of why 

people are less successful in recognition other race’s faces.  

 

3.6 Conclusion 

 

Our findings discovered the familiarity of faces as a strong factor to 

modulate bilateral FFA’s response. To extract the race information from FFA’s 

response pattern may require more sophisticated classification algorithm or 

higher resolution of fMRI scanner. Identity related information is even harder to 

find based on current methods, but it is a really important problem that deserve 

more work to solve.  
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Chapter 4. Viewpoint invariant face identity representation in 

anterior inferotemporal cortex 

 

4.1 Summary 

  

The neural mechanism supporting people’s viewpoint-invariant face 

recognition has been and still is a research interest in vision science.  In the 

current study, aimed to investigate the neural correlates of viewpoint-invariant 

face representation, we used an fMRI adaptation paradigm and the MVPA 

approach to examine the whole ventral temporal cortex’s sensitivity to face 

identity across viewpoints.  Results show that both the right Occipital Face Area 

(rOFA) and the right Fusiform Face Area (rFFA) had a significant adaptation 

effect to viewpoint, whereas only the rFFA was sensitive to the face identity 

change. However, the MVPA analysis revealed that voxels in anterior inferior 

temporal cortex contained more information for cross-viewpoint identity 

classification than the FFA. Moreover, those informative voxels showed no 

significant adaptation to either viewpoint or identity. These findings indicate that 

neurons with less strong selectivity of faces may play a critical role in face 

individuation. 
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4.2 Introduction 

 

Discriminating between individual faces is a critical skill for humans in our 

daily social life. People not only need to detect subtle differences between 

individuals’ faces, but also need to accomplish this across a range of viewing 

conditions. The neural mechanisms of human’s reliable and efficient face 

perception has drawn the attention from numerous researchers for a long period. 

Neural imaging research has revealed several regions along the occipital-

temporal cortex, which respond more strongly to faces than other common 

objects. The most intensely studied areas, sometimes referred as the core face 

processing areas, consist of the occipital face area (OFA) (Gauthier et al., 2000) 

and the fusiform face area (FFA) (Kanwisher et al., 1997). Located in the later 

stage of visual processing, the FFA’s invariance to local features, such as 

location and size, have been confirmed by many studies (Andrews & Ewbank, 

2004; Kovacs et al., 2008). Furthermore, the FFA’s response correlated with the 

detection and identification of faces (Grill-Spector et al., 2004) and also exhibited 

categorical representation of faces by identity (Rotshtein e tal., 2004). Thus, the 

FFA became a promising candidate region for invariant identity representation.    

 

 One impressive aspect of human face perception is its viewpoint 

invariance. If a region’s representation could support viewpoint invariant 

performance, it might be completely insensitive to viewpoint changes or show 
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stronger modulation by identity than viewpoint. First, the FFA’s response is 

sensitive to the change of a face’s viewpoint (Fang et al., 2007). Second, the 

change of viewpoint may impair the FFA’s identification of the same face. The 

FFA’s response to a face would be significantly reduced if the same face was 

presented for a prolonged time (Gauthier et al., 2000). This adaptation effect 

remained unchanged if the size of the face varies during the adaptation period 

(Andrew & Ewbank, 2004). However, if the viewpoint of the adapted face 

alternated from one orientation to another, the adaptation effect was no long 

present.  

The disappearance of the adaptation effect could due to the FFA’s inability 

to extract invariant identity information over different viewpoints. Ewbank & 

Andrew (2008) extended their previous work by adding the familiarity of the face 

into consideration. In the FFA, the familiar faces with slight change of viewpoint 

elicited the same degree of adaptation as those with fixed viewpoint. In contrast, 

the identity adaptation of unfamiliar faces was still modulated by viewpoint. 

These findings suggested that with increasing experience, the FFA’s 

representation of identity could become more tolerant to viewing direction. In 

summary, the representation of identity in FFA was not so abstract as many 

researchers anticipated before and the completion of this task should occur after 

the FFA.   
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Beyond the classic core network of face processing, neurons in 

anterior temporal cortex (aTL) were proposed by some studies to be 

specialized for the identity representation. Face selective neurons from 

macaques’ anterior temporal lobe had developed mirror-symmetric tuning of 

viewpoint (Freiwald & Tsao, 2010), whereas those in middle fusiform were 

completely tuned to the viewpoint. Moreover, the neurons of macaques’ aTL 

contributed more information about the identity of a face (Rolls et al., 1997). 

Most human fMRI studies suggesting the role of anterior temporal lobe in 

identity representation adopted the method of the multivariate pattern 

analysis. Kriegeskorte et al (2007) provided evidence that patterns of 

different individuals’ faces in the anterior inferiortemporal cortex were more 

distinct than those of the FFA. Similarly, Anzelotti et al. (2014) in their MVPA 

study discovered that the individuation of faces became more viewpoint-

invariant from posterior temporal cortex to anterior cortex.  

 
In the current study, we sought to identify whether the face-selective area 

in anterior temporal lobe has established a viewpoint invariant representation 

using fMRI adaptation method. A full factorial designed adaptation experiment of 

both identity and viewpoint was conducted. With this design, we could test which 

region could encode the information of identity and whether this region’s identity 

representation is influenced by the viewpoint to the face. If the representation of 
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identity in one of the face selective regions is viewpoint invariant, its adaptation to 

identity should be significant and is not interfered with by viewpoint changes.  

 

Furthermore, we also examined each region’s contribution in classifying 

the input face’s identity from activity patterns across voxels. The response 

pattern of a region should also be able to support cross-viewpoint identity 

classification. The comparison of the adaptation experiment and the multi-voxel 

analysis provided us an opportunity to validate our findings. If the two lines did 

not converge, we should further considered the nature of each method and the 

connection between its conclusion and the real neural mechanism.  

 

4.3 Methods 

 

4.3.1 Subject  

 

Fourteen Chinese subjects (age range 20-30, 7 males) with normal or 

corrected-to-normal vision volunteered to participate in the fMRI experiment. All 

of them signed the written consent form approved for this study by the 

Institutional Review Board of Beijing MRI Center for Brain Research. 
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4.3.2 Stimuli 

 

The set of visual stimuli used in the present experiment consisted of 

colorful pictures of faces and common objects. The face stimuli were obtained 

from the Face-Place Database Project (http://www.face-place.org/, Copyright, 

2008, Michael J Tarr. Funding provided by NSF Award 0339122), and the objects 

picture were from Object/Scene Database, Park Aging Mind Laboratory, 

University of Texas, Dallas (Goh, Siong, Park, Gutchess, Hebrank & Chee, 2004). 

All faces were from east Asian people and the gender of them covered both male 

and female. The photos of each individual’s face included three viewpoints: the 

front, 45 degrees to the left and 45 degrees to the right. During the fMRI scan, 

stimuli were projected to a translucent screen in the rear of the scanner with a 

magnet-compatible projector. The subjects viewed the stimuli through a set of 

mirror connected to the head coil. Behavior response was collected with a button 

box. Processing and presentation of visual stimulus were completed with Matlab 

and Psychtoolbox.  

 

4.3.3 fMRI Experimental Protocol 

 

The experimental protocol consisted of two functional localizer sessions, 

followed by ten experimental sessions. Three kinds of stimuli were used in the 

block-designed localizer: faces, colorful objects and scrambled images of faces 
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and objects. The faces photos came from 16 individuals, each of which included 

three viewpoints, and the object photos contained 48 distinct items. Each type of 

image block repeated three times and all blocks were pseudo-randomly ordered 

with de Bruijin sequence (Aguirre, Mattar & Magis-Weinberg, 2011). The localizer 

started with an 8 second fixation block, followed by nine 12 seconds image 

blocks separated by 10 seconds fixation blocks. Within each block, every 

stimulus was presented for 800-millisecond with an inter-stimulus interval of 200-

millisecond. Most stimuli showed up around the fixation with a randomized 

vertical offset to the fixation point. However, two randomly selected stimuli within 

each block were presented with a horizontal offset to the fixation point. One of 

them was chosen from the first half of the block and another was chosen in the 

second half. The subject’s task was to judge whether the target was right or left 

to the fixation.  

 

The adaptation sessions were also block designed. Faces used in the 

adaptation session were from two East Asian males who did not appear in the 

localizer session. There were four general conditions: 1) identical image 

condition which includes four sub-conditions: front view of individual A, right or 

left 45 degree view of individual A, front view of individual B, right or left 45 

degree view of individual B; 2) same viewpoint with varied identity with two sub 

conditions: alternating presentation of individual A and B’s front view, alternating 

presentation of individual A and B’s side view; 3) same identity with varied 
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viewpoint with two sub-conditions: alternating presentation of front and side view 

of individual A and alternating presentation of front and side view of individual B; 

4) varied identity and viewpoint with two sub-conditions: alternating presentation 

of individual A’s front view and B’s side view and alternating presentation of 

individual A’s side view and B’s front view. The ten sub-conditions were 

presented once within each scan scan. The order of them was also determined 

by the de Bruijin algorithm at the beginning of each session. Each experimental 

scan started with an 8 second fixation block, followed by nine 16 seconds image 

blocks separated by 10 seconds fixation blocks. Within each block, every 

stimulus was presented for 800-millisecond with an inter-stimulus interval of 200-

millisecond. The behavior task in the adaptation session was the same as the 

one in localizer session. 

 

4.3.4 Data acquisition 

 

Participants were scanned with a 3T MRI scanner (Siemens Trio) at the 

Institute of Biophysics, using a 12-element Head Matrix coil. Functional scans 

used a gradient echo T2 EPI sequence to acquire data (14 slices of 2mm 

thickness; resolution , TR=2s, TE flip anlge). The scanned region covered both 

the occipital and temporal lobes. We also acquired a high-resolution (1*1*1 mm) 

three-dimensional T1-weighted whole brain anatomical image (1mm isotropic 
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voxels, 192 sagittal 1mm thick slice, 256×256 matrix with 1mm in-plane 

resolution, flip angle = 60°). 

 

4.3.5 fMRI data analysis 

 

After discarding the first two volumes, slices of all sessions were corrected 

for scan time. Then, all slices were aligned to the first slice of the first localizer 

session, using six-parameter, rigid-body motion correction procedure in 

Brainvoyager. After motion correction, functional images were temporally 

smoothed with a High-pass filter (GLM-Fourier) of 2 cycle/session.   

 

 A generalized linear model was fit to each localizer session. The design 

matrix for each model was constructed by convolving a canonical hemodynamic 

response function with a sequence of delta function representing occurrence of 

each event for each group. Each voxel’s beta weights were obtained for a 

second step contrast analysis, which helped to separate regions with different 

category selectivity. 

 

 For the adaptation scan, the percentage change of signal for all four 

conditions was calculated within each scan and the averaged time course was 

calculated over all scans. The mean response magnitude for each general 

condition was then calculated by averaging the response over 6 seconds to 10 
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seconds after the onset of each block. A repeated measurement ANOVA of two 

factors (Identity vs. Viewpoint) with two levels (Identical vs. Varied) was then 

carried out on all subjects’ mean response. 

 

 In addition to the univariate analysis, multiple voxel analysis was also 

applied to the adaptation data. For the ROI analysis, we obtained a response 

vector for each condition, with each entry of the vector representing one voxel’s 

mean response across all sessions of one condition. Two types of correlation 

were computed: one between response patterns of same identity with different 

viewpoints, and another between same viewpoint with different identities. In the 

group level, we used a t-test to examine the hypothesis whether the within-

identity correlation was the larger than the within-viewpoint correlation. Besides 

the ROI based MVPA, we also adopted a searchlight information mapping 

method to identify most informative voxels for face individuation. A 5 voxel by 5 

voxel search cube was used to scan across the whole scanning space. For each 

search location, the within-identity and the within-viewpoint correlation of the 

current voxels were obtained in the same way described before and a z score 

describing the degree of their difference was stored with the coordinate of the 

center point (Fisher, 1921). Based-on the z-score map, we can further locate new 

ROIs with the most informative voxels for identity representation. 
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4.4 Result 

 

4.4.1 Face selective region’s adaptation to identity and viewpoint 

 

Face selective regions were defined as clusters of voxels within along the 

occipital-temporal cortex and superior temporal sulcus, whose activity was 

significantly stronger for faces than chromatic pictures of objects (at an 

uncorrected significant level of p<0.001). Bilateral OFA, FFA and STS were the 

most common ROIs found across subjects (see Figure 4-1.). In some subjects’ 

right hemisphere, we could also separate a region in middle fusiform gyrus, 

which was usually anterior to the FFA with a small gap. In this situation, we 

called this area, the anterior FFA (aFFA). Besides the core network of face 

processing, we also tried to locate face selective regions in anterior 

inferotemporal cortex (see Table 4-1). Bilateral lateral occipital complex were 

defined with preferential response to common objects than faces, which served 

as a control region to face areas. 
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Figure 4-1. Example of face selective areas along the ventral occipital-temporal 

cortex 

Yellow- Occipital Face Area(OFA); Red- Fusiform Face Area (FFA); Green- anterior 

Inferortemporal cortex (aIT) 

 

Table 4-1. Face selective areas identified by independent localizers 

  No. of 
Subject 

ROI center coordinate 

  x y z 
Right_OFA 12 36.380 -69.224 -7.673 
Right_FFA 13 54.383 -40.376 4.110 
Right_aFFA 6 70.771 -16.834 15.125 
Left_OFA 9 36.150 -67.318 -10.395 
Left_FFA 12 58.080 -35.998 5.523 
Right_STS 9 61.733 -28.204 9.679 
Left_STS 5 72.415 -14.290 14.615 
Right_ATL 9 58.196 -32.067 6.194 
Left_ATL 7 66.797 -17.499 13.709 
Right_LOC 13 54.383 -40.376 4.110 
Left_LOC 12 48.179 -48.681 0.308 
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The mean responses of each region in four conditions were computed 

over subjects and plotted in Figure 4-2. The adaptation effect of identity and 

viewpoint was then tested with the two-way repeated ANOVA, the result of which 

is listed in Table 4-2. If a region can adapt to viewpoint regardless of its identity, 

i.e. the response of identical viewpoint condition should be lower than the 

response of varied viewpoint condition, a significant main effect of viewpoint 

should be observed. The same logic applies to the identity adaptation. In some 

situation, the adaptation effect of viewpoint is modulated by the identity of 

adapting and test face, we will find a significant interaction in the result of 

ANOVA test. The two face regions in left fusiform gyrus showed significant 

adaptation to both identity and viewpoint without any interaction. In the right 

hemisphere, adaptation to identity did not emerge until FFA but viewpoint specific 

adaptation existed for both right OFA and FFA. The functional change from OFA 

to FFA in right hemisphere agrees with the hierarchical framework of visual 

processing: neurons in early stage encode local feature, while those in later 

stage encode global and complex feature.   
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Figure 4-2. The response magnitude in four conditions 

Red bars represent conditions with identical viewpoint while green bars represent conditions with 

varied viewpoint. The filled bars represent conditions with identical identity while the hollow ones 

represent the rest. 

 

Table 4-2. The result of ANOVA of all face selective areas 

  No. of 
Subject 

Identity View point Identity*View_point 

  F p F P F p 
Right_OFA 12 2.762 0.125 5.928 0.033* 1.19 0.299 
Right_FFA 13 11.96 0.005* 8.72 0.012* 3.642 0.08 
Right_aFFA 6 9.679 0.026* 0.832 0.404 3.558 0.118 
Left_OFA 9 14.93 0.005** 8.044 0.021* 1.201 0.305 
Left_FFA 12 7.899 0.017* 5.109 0.045* 1.529 0.242 
Right_STS 9 0.299 0.599 6.185 0.038* 1.697 0.229 
Left_STS 5 0 0.993 2.464 0.192 0.372 0.575 
Right_ATL 9 2.945 0.124 1.778 0.219 1.805 0.216 
Left_ATL 7 4.943 0.068 2.974 0.135 0.849 0.392 
Right_LOC 13 5.975 0.031* 0 1 2.431 0.145 
Left_LOC 12 0.761 0.402 3.119 0.105 2.756 0.125 
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Beyond the areas in fusiform gyrus, we also included a pair of regions in 

Superior Temporal Sulcus (STS) and another pair in anterior Inferior Temporal 

cortex (aIT). First of all, the overall responses of these areas are relatively 

weaker than those from fusiform areas, which means they have less specific 

selectivity of face. Second, only right STS shows a significant adaptation to 

viewpoint, while other three regions seems not sensitive to either the change of 

identity or the change of viewpoint. As control regions, bilateral LOC’s adaptation 

effect was also obtained. Both regions show no adaptation to viewpoint, but 

significant identity adaptation is observed in right LOC. 

 

4.4.2 Multi Voxel Pattern Analysis 

 

We used the correlation-based method to test whether a region has 

distinct response pattern between individual A and B’s faces. If a region has the 

ability to recognize a face regardless of the viewpoint, its pattern to the same 

person in different viewing orientation should be higher than the correlation 

between different people, even when they are viewed from the same direction. 

First, we analyzed the correlation of ROIs defined by independent localizer 

sessions. In general, the two types of correlation are higher for posterior face-

selective and object selective areas. Among all ROIs, only right FFA has a 

marginally significant higher correlation for same-identity correlation than same-
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viewpoint correlation. 

Table 4-3. The difference between same-identity correlation and same-viewpoint 

correlation 

  No. of 
Subject 

Same Identity 
Correlation 

Same Viewpoint 
Correlation p 

  
Right_OFA 12 0.745 0.747 0.964 
Right_FFA 13 0.719 0.614 0.070 
Right_aFFA 6 0.482 0.343 0.157 
Left_OFA 9 0.710 0.710 0.998 
Left_FFA 12 0.637 0.612 0.620 
Right_STS 9 0.527 0.527 0.999 
Left_STS 5 0.246 0.573 0.094 
Right_ATL 9 0.045 0.031 0.912 
Left_ATL 7 0.074 0.184 0.357 
Right_LOC 13 0.628 0.682 0.231 
Left_LOC 12 0.606 0.683 0.249 

 

We then extended the MVPA method to all voxels being recorded. With 

the help of searchlight information mapping, we identified several informative 

regions along the occipital-temporal ventral pathway. According to their relative 

position in the brain, these informative regions can be divided into four categories: 

anterior occipital cortex, posterior fusiform gyrus, anterior fusiform gyrus and 

anterior inferotemporal cortex. Although these regions contain very informative 

voxels that can tell difference between faces’ identities, they do not show the 

expected adaptation effect to identity (see Figure 4-3.). 
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Figure 4-3. The adaptation effect of informative regions in anterior 

inferortemporal cortex 

 

4.5 Discussion 

 

The main purpose of this study was to investigate the nature of face 

representations in areas more anterior to FFA. Specifically, we were interested in 

whether these neurons have achieved the ability of viewpoint invariant 

representation of faces and whether the most selective ones are the most 

informative ones for discriminating among individual faces. 

To address our first research question, the independent localizer was 
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required to identify specific ROIs. In most subjects, OFA and FFA were most 

consistently found due to their stronger selectivity to face than objects. Moreover, 

these two areas have been widely studied so that we could use location 

information to validate the result of localizer. The face-selective regions in 

anterior temporal cortex tend to have lower statistic value and the locations of 

them had larger variation across subjects. Considering the quality of localizers in 

anterior temporal lobe, the findings of ROI analysis in these areas would be less 

reliable than those in fusiform area. 

The viewpoint adaptation in the FFA agreed with previous findings, which 

indicates the existence of multiple 2-D templates for a given face rather than a 

general 3-D template (Fang et al., 2007). However, if the viewpoint-based 

representation does not affect the identity representation, we could also make an 

inference that identity representation is partially present in the FFA. The 

statistical test for interaction between identity and viewpoint adaptation was 

found insignificant, but the amount of suppression was relatively stronger when 

the viewpoint of repeated face remained the same. The change of viewpoint may 

raise the difficulty for the FFA to recognize the identity of a face, which result in 

the weaker identity adaptation. Since the behavior task during the adaptation was 

irrelevant to face identity, we could not tell whether the FFA’s performance would 

lead to poor recognition performance across viewpoint.  Unlike the FFA and the 

OFA, the adaptation effect in anterior temporal cortex does not fit our hypothesis. 

The face-selective area in right aIT showed neither viewpoint nor identity 
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adaptation. Its corresponding one in left hemisphere even had an opposite effect: 

the repetition of the same face elicited a higher response than changed faces. As 

stated before, one explanation of the current result is the less effective 

localization of the anterior face areas. 

The ROI based MVPA result tells a similar story as the adaptation analysis. 

Most predefined ROIs did not generate viewpoint invariant response pattern for 

each individual face. Only right FFA had a significant larger within-identity 

correlation than within viewpoint correlation. Then we applied the pattern analysis 

method to all voxels within the scanned region and sought to localize clusters 

that provide most useful information for viewpoint-invariant individuation. The 

most frequently found clusters were in the area of bilateral anterior temporal lobe. 

The adaptation effects of these new defined ROIs were then calculated, but none 

of them showed viewpoint invariant adaptation. The divergence between results 

from MVPA and fMRI adaptation raises a question about the function role of aIT 

neurons. They are not the most selective neurons to faces but they can 

distinguish between individual faces. These neurons received input from 

posterior visual cortex about the identity of a specific object, which is likely not 

restricted to a certain category of object. They serve as a connection between 

the visual representation and the memory so that they contribute more in the 

identity recognition. 

 



 

 61 

4.6 Conclusion 

 

A broad body of research suggests that the completion of face recognition 

requires an extended network beyond the fusiform gyrus. Our study tested the 

selectivity and function of one candidate region in anterior inferotemporal cortex. 

This region has the ability to significantly improve the recognition of a face, but 

does not have strong selectivity to face like FFA. It may play a more general role 

in individuation of each object beyond the realm of face processing. 
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Chapter 5. The representation of orthography in word sensitive 

areas 

 

5.1 Summary 

 

Recognizing words is a complex task that requires word related 

information to be processed by a hierarchical, multi-stage system. Prior 

functional imaging studies have highlighted the importance of a region in the left 

occipito-temporal sulcus, often labeled the Visual Word Form Area (VWFA), in 

word recognition. Here we first identified the VWFA and an additional word 

sensitive region in the lateral occipital cortex, and investigated these two word-

sensitive areas’ selectivity to real, pseudo and false Chinese characters using an 

fMRI adaptation paradigm. Results show that the occipital word area was 

strongly engaged in processing novel combinations of common components of 

characters. Furthermore, with constant exposure (adaptation) to character-

related stimuli generally improved the distinctiveness of response patterns of 

each type of characters. The mechanism of this adaptation-induced phenomenon 

requires more detailed investigation. 
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5.2 Introduction 

 

Words are a kind of hierarchical, artificial visual object, which can be 

decomposed recursively from large components into small components. In 

English, single letters aggregate to form syllables and syllables aggregate to form 

words.  In Chinese, a character is consisted of radicals and a radical is a group of 

strokes. In every language, orthography rules specify how a word could be 

formed. Thus, the orthography rules also determine the image statistic of 

people’s every day reading. One way to describe orthography rules is using word 

frequency or component frequency. After so many years in practicing reading, 

has our neural system adapted itself to these arbitrary regularities? 

 

Studies regarding the neural representation of orthography can be divided 

into two categories. One group of research uses an exploratory method, which is 

normally based on the multi-voxel pattern analysis. They directly compared the 

sensitivity of orthographic information of each small neuronal cluster, i.e. voxel in 

the fMRI study. Another group tried to define word-sensitive regions in the first 

step and then investigate different functions mediated by different regions. This 

research logic could also be widely found in the area of face perception 

(Rotshtein et al., 2004; Liu et al., 2013).  
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Among the ROI-based research, the most frequent found area lies in the 

middle fusiform gyrus, which is close to the fusiform face area and usually 

referred as Visual Word Form Area (VWFA) (Cohen et al., 2000; Cohen et al., 

2002). Many studies have confirmed VWFA’s involvement in encoding 

orthography information. Since orthography rules are related to the frequency of 

words, the frequency-modulated activity should be observed in an orthography-

coding region. Kronbichler, Hutzler, Wimmer, Mair, Staffen & Ladurner (2004) 

discovered that increased frequency of real words was associated with the 

decreased brain activity in left fusiform area, and pronounceable pseudo words 

triggered the least response amplitude. A similar relationship was also reported 

by Hauk et al. (2008). In addition to orthography information, lexical information 

was also argued to have its representation in VWFA. For instance, Glezer et al. 

(2009)’s adaptation experiment discovered that VWFA contained neurons having 

categorical selectivity for individual real words. 

 

Although ROI based methods could consistently identify the same 

functional region across subjects, they also limit the scope of the investigation. 

Conventional localizers for word-selective area might not discover where 

orthography information is encoded. The alternative method is to perform an 

exploratory, whole brain analysis. For instance, a gradient of orthography 

sensitivity was observed along the ventral occipital-temporal lobe (Vincikier et al., 

2007). From posterior to anterior, voxels exhibited increased tuning of regularities 
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of words: they responded more strongly to real words or frequent quadrigram, 

compared to frequent bigram and irregular combination of letters. Similar results 

were also reported in other languages. Chan et al. (2009) compared neurons’ 

selectivity of Chinese character-like stimuli and Korean character in native 

Chinese speaker and showed an increasing selectivity from Korean characters to 

Chinese character in the direction of posterior to anterior.  

 

Apart from using simple frequency of a word to describe orthography, 

there is another type of frequency conditioned on positions. For instance, ‘ly’ 

appears more frequently in the end of a word than in the head of it. Woollams et 

al.’s (2011) demonstrated that the selectivity center for position-based frequency 

is 2 cm posterior than the selectivity center for lexicality. However, these 

exploratory researches lack an independent localizer cross subjects and 

experiments. Since different tasks were used across studies, we could not tell 

whether the orthography center in different studies was consistent with each 

other. 

 

In the current study, we approached the question of orthography 

representations by using an ROI based method. Most of the previous ROI-based 

studies merely investigate the properties of the VWFA. Here, we proposed the 

existence of another word area in anterior occipital lobe, like the occipital face 

area. The exploratory research implied a gradient change of orthography 
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selectivity, so this posterior word center may show stronger sensitivity to 

orthography than the VWFA. Furthermore, we used the principle-based 

orthography rather than frequency based. The orthography of English in most 

research was frequency based, because English is a language of irregular 

spelling. This manipulation might mix the influence of orthography and familiarity. 

In contrast, Chinese is a language of regular spelling. Thus, we were able to 

create meaningless novel characters following or violating orthography rules (for 

details see Methods.). Finally, we adopted the fMRI adaptation method to 

measure the selectivity of ROIs. Compared with direct measurement, fMRI 

adaptation could reveal the functional properties in the sub-voxel level.  This 

increased spatial sensitivity could increase our chance to detect the subtle 

functional disparities between ROIs. 

 

5.3 Methods 

 

5.3.1 Participant 

 

Eleven native Chinese speakers (age range 19-25, 4 males) with normal 

or corrected-to-normal vision volunteered to participate in the fMRI experiment. 

All of them signed the written consent form approved for this study by the 

Institutional Review Board of Beijing MRI Center for Brain Research. 
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5.3.2 Stimuli 

 

Three types of Chinese characters were created in the present study 

(Figure 5-1). First, we selected thirty left-right structure real characters. Radicals 

of the left side appeared twice among the thirty characters, while radicals of the 

right side appeared only once. Then we re-grouped the left and right radicals in 

the set of real characters. The new created pseudo characters had radicals in 

their correct position, but the new characters had no meanings. To create the 

false characters, radicals were re-grouped and swapped to its opposite position 

so that the new character definitely violated the orthography rules.  The last 

group of stimuli included the scramble images of the previous three groups, 

which were used as baseline condition in the adaptation experiment.  

 

 

Figure 5-1. Adapters and test stimuli.  

From Left to Right: Real character, Pseudo character, False character and 

Scrambled image. 

 

5.3.3 fMRI experiment protocol 
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The entire experiment contained two functional localizer scans and 

twenty-four fMRI-adaptation scans, which were completed in two separate days. 

Two block design independent localizer scans were used to define ROIs 

responding to words. Each scan contained twelve randomized blocks of four 

categories: face, line drawings, Chinese characters and scrambled images of 

previous three groups. Because the size of the line drawings’ image varied, all 

stimuli were presented in front of a fixed-size, uniform noise square to make sure 

the stimuli project to same amount of area in early visual cortex. Each block last 

16 seconds, followed by a 10 seconds inter-block interval. Within each block, 

stimuli were shown for 500ms with an inter-stimulus interval of 300ms. The 

location of stimuli shifted around the fixation point to avoid local aftereffect.  

During the scan, the subjects were asked to report whether the stimuli was on 

the left or right to the fixation point, by pressing the left or right key. 

 

In the adaptation experiment, the adapters (real, pseudo, false character 

or scramble image) were fixed in each scan and they were balanced within 

subjects (6 scan for each type of adapters). Each adaptation scan started with a 

20-second pre-adaptation period, followed by 64 continuous trials (see Figure 5-

2). Each trial consisted of a 2-second top-up adaptation and a 500ms test 

stimulus.  Both the adaptor and test stimuli were presented in the pace of 300ms 

appearance with 200ms inter-stimuli interval. The adaptors were presented 

below the fixation point and each one shifted slightly left or right to its 



 

 69 

predecessor to avoid local adaptation. There were four types of trials- real 

character, pseudo character, false character and fixation trials. The test stimuli of 

the first three conditions appeared above the fixation point, which was a cue for 

the subject to respond. The behavior task was the same as that in the localizer 

scan. In the fixation trials, the test stimuli came from the same group as the 

adaptor and were shown below the fixation point. Thus, the participant would 

perceive it as part of the adaptation. 

 

 

 

Figure 5-2. The scheme of fMRI adaptation procedure 

 

Pre-‐adaptation	  (20s)	  
 

Top	  up 
adaptation	  (4s) 

Test	  stimulus	  	  
(300ms) 
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5.3.4 fMRI data acquisition 

 

Participants were scanned with a 3T MRI scanner (Siemens Trio) at the 

Institute of Biophysics, using a 12-element Head Matrix coil. Functional scans 

used a gradient echo T2 EPI sequence to acquire data (14 slices of 2mm 

thickness; TR=2s). Scanned region covered both the occipital and temporal lobe. 

We also acquired a high-resolution (1*1*1 mm) three-dimensional T1-weighted 

whole brain anatomical image (1mm isotropic voxels, 192 sagittal 1mm thick 

slice, 256×256 matrix with 1mm in-plane resolution, flip angle = 60°). 

 

5.3.5 fMRI data analysis 

 

After discarding the first two volumes, slices of all scans were corrected 

for slice scan time. Then, all slices were aligned to the first one in the first 

localizer session, using six-parameter, rigid-body motion correction procedure in 

Brainvoyager. Functional images were temporally smoothed with a High-pass 

filter (GLM-Fourier) of 2 cycle/session.   

 

A general linear model procedure was used for ROI localization. The 

design matrix for each scan was constructed by convolving a canonical 

hemodynamic response function with a sequence of delta function representing 

occurrence of each event for each group. The fitted beta weight of the each 
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event type was then used as the index for the response magnitude of this voxel 

to this type of stimuli. 

 

In adaptation scan, the time course for each type of trials was first 

extracted separately of each scan. All three time-points before the onset of one 

type of stimuli were selected and averaged as the baseline. Then the percentage 

change of activity for one type was calculated relative to this baseline. Within 

each ROI, the time course of each voxel was then averaged and the final time 

course of each test condition was obtained by subtracting the corresponding 

value of the control condition.  

 

5.4 Results 

 

5.4.1 Word-sensitive areas along the visual-pathway 

 

The word sensitive areas were defined as clusters of voxels whose 

response to Chinese characters was larger than that to scrambled images. In all 

11 subjects, we consistently identified an area in the left ventral fusiform gyrus, 

which was the commonly found Visual Word Form Area (VWFA). We also 

discovered in 10 of the subjects another word-sensitive areas at the left occipito-

temporal junction. We referred it as the Occipital Word Area (OWA) for 

convenience in the rest of this paper. Since the left hemisphere dominated 
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cognitive processing related to language, we only identified the VWFA in 5 of 11 

subjects’ right hemisphere and the OWA in 6 of them. 

 

 

 

5.4.2 The fMRI adaptation effect 

 

After adapting to real or pseudo character, neurons sensitive to 

orthography information will display weaker response to real or pseudo character 

than false character. We extracted the time course of left OWA and VWFA for 

real, pseudo and false character in four adaptation conditions.The activation 

amplitude for each type of test stimuli was characterized as the average of 

response between 5-7 seconds after the stimulus onset. 

Figure 5-3. ROI in a representative 

partially inflated brain 
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A repeated-measures two-way ANOVA (Type of Adaptor × Type of test 

trial) was performed in Left OWA and VWFA’s response. In both areas, we found 

a significant main effect of the type of adaptor. The post hoc analysis was then 

carried out in both areas. For OWA, compared to the scramble image adaptation 

condition, the response decreases significantly after adapting to pseudo and 

false characters. However, the real adaptor didn’t have comparative effect.  In 

VWFA, all three types of adaptor successfully suppressed the response of all 

characters. 
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Figure 5-4. The mean response for four adaptation conditions 

Left figure: response from left occipital word area; Right figure: response from ventral 

word form area 
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5.4.3 Influence of adaptation on response pattern 

 

The classic fMRI adaptation effect was described in the way of decrease 

mean activities of voxels. The suppressed response could be explained by 

multiple mechanisms. All neurons suppressed to the same degree, or neurons 

suppressed according to their original response amplitude might lead to the 

same level of overall suppression effect. Thus, we tried to use the multiple 

pattern voxel analysis to test how pattern of word-sensitive areas changes after 

adaptation. In the baseline condition (adapting to scramble images), most of the 

classification performance of characters was below the chance level except that 

of false character in Left OWA. Adaptation improved the classification 

performance in several conditions, but no category specific effect was observed.  

  

Figure 5-4. The classification result of real, pseudo and false character 
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5.5 Discussion 

 

In the current study, we identified two word sensitive areas in the left 

hemsiphere. Besides the previous reported VWFA, another area in the anterior 

occipital cortex was also found among all subjects. The spatial distribution of 

word sensitive areas was parallel to the OFA-FFA structure of face recognition. 

OFA and FFA are believed to carry on different functions in face processing: 

OFA responds similar to both parts of the face and the whole face, but FFA is 

more interested in a complete face.   In the brain, regions close to each other 

usually share similar functions. Thus, it is reasonable to make inference that 

VWFA encodes the orthography information, i.e. relationship between parts of a 

word.    

   

The most direct way to measure a region’s selectivity of a set of stimuli is 

to record its response magnitude of each type of input. In fMRI study, the direct 

measurement is restricted by the spatial resolution of the scanner. It was 

effective if we hope to find regions having different response to categories of 

objects, like face versus house. However, previous studies have confirmed that 

the direct response of VWFA to real, pseudo or false character were close to 

each other. Instead of increase the resolution of the scanner, we used the fMRI 

adaptation paradigm to overcome this problem. 
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In the present study, adaptation to any type of character strongly 

suppressed the response to almost every type of character in both areas. The 

only one exception was the result of adaptation to real character in OWA- the 

responses to all character did not significantly decrease compared to the 

baseline condition. This result reflected that real character received less amount 

of processing in OWA so that it posed less influence on the subsequent stimuli. 

One speculation is that OWA is responsible for assembling parts of the character. 

The combination of parts in the real character has been processed so many 

times before, so a real character could be passed quickly to the next level. 

However, the pseudo and false characters were novel to subject, which might 

require more attention and time to process it.   

 

In addition to traditional analysis of adaptation effect, we also conducted 

MVPA to check whether response pattern of test stimuli change because of 

adaptation. There is a long-standing hypothesis that adaptation is not merely a 

phenomenon of fatigue and may bring some functional benefits. Some 

researchers raised a hypothesis that the neural system increases the 

discrimination ability at the cost of biased estimation. After comparing the 

classification performance of each area before and after adaptation, we found 

improvement in some conditions. However, the current result is not sufficient to 

lead to a strong conclusion about adaptation’s influence on pattern. Further 

research is required to test this hypothesis in other neural regions. 
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