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People over the age of 65 frequently complain of word-finding difficulties.  The 

current study tests two competing hypotheses to determine whether word retrieval 

problems in older adults result from changes in neural substrates in the frontal lobe 

subserving strategic processes to access lexical and semantic information or whether 

neural substrates of semantic information in the inferior temporal lobe change in function 

with normal aging.  We investigate the role of category (living, nonliving) and visual 

attribute (global form, local details) in semantic representation in the fusiform gyrus.  

Forty adults (20 younger, 20 older) named pictures of animals, tools, and vehicles during 

FMRI.  Results show that compared to younger adults, older adults activate a larger 

frontal network with decreased lateralization during word retrieval.  In particular, older 

adults show greater activity in Broca’s area homologue (BA 45) in the right hemisphere, 

an anterior region of the right inferior frontal gyrus, and the rostral cingulate zone and 

supplementary motor area bilaterally.  The lack of an age-associated difference in the 
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inferior temporal cortex indicates that older and younger adults do not differ in terms of 

how the presumed substrates for semantic functions operate.  Results also support the role 

of visual attribute in the organization of semantic information.  Collapsed across subjects, 

findings indicate that categories are processed in the lateral and medial regions of the 

fusiform gyrus according to whether they are living (animals) or nonliving (tools, 

vehicles), respectively.  In contrast, visual attributes of global form (animals) are 

processed more by the right fusiform gyrus and local details (tools) are processed more 

by the left fusiform gyrus.  When both attributes are relevant to processing (vehicles), 

cortex from both left and right fusiform gyri is active.  The left-right distinction for visual 

features is not restricted to the fusiform gyrus but includes the lateral temporal cortex as 

well.  Taken together, these findings suggest that a deterioration of executive functions 

underlies age-related changes in word retrieval.  Additionally, results support the role of 

features (visual attribute) and category in semantic representation. 
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CHAPTER 1 
INTRODUCTION 

People over the age of 65 frequently complain of word-finding difficulties, in 

which they are unable to remember the words they wish to use to describe objects, 

actions, and concepts, and may render them unable to communicate efficiently (Kempler 

& Zelinski, 1994).  Such complaints have been objectively verified on tests of naming 

visually presented objects, such as the Boston Naming Test (BNT: Kaplan et al., 1983).  

Between the ages of 60 and 80, raw scores on the BNT may drop by a standard deviation 

or more (Ivnik et al., 1996; Mitrushina & Satz, 1995; Van Gorp et al., 1986).  Older 

adults also tend to be slower and less accurate on tasks involving naming to definition 

(Bowles & Poon, 1985) and verbal fluency (McCrae et al., 1987).  Despite the prevalence 

of word-finding problems in older adults and the resulting impairment in effective 

communication, little systematic research has been conducted to examine the cause of 

word retrieval difficulties.  Identification of the underlying mechanisms of word retrieval 

problems in aging is critical to understanding the nature of cognitive aging and possible 

contributors to cognitive decline.  In addition, elucidation of the cause of word-finding 

problems is vital for the development of effective interventions to promote efficient 

communication in healthy older adults as well as individuals with more severe language 

impairments resulting from stroke or Alzheimer’s disease.  

Word retrieval requires access to memories for word forms (i.e., lexical forms) and 

meaning (i.e., semantics).  There are two alternative explanations for word-finding 

difficulties in normal aging.  First, word-finding problems may be caused by an inability 
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to focus attention and select an appropriate word.  This may result from deterioration of 

the neural substrates that underlie the ability to strategically access and retrieve existing 

lexical or semantic information.  Such mechanisms involved in word retrieval fall under 

the category of executive functions.  Generally, the term “executive functions” has been 

used to refer to a set of cognitive processes that include planning, initiating, and 

implementing strategies for behavior, monitoring performance, using feedback to adjust 

future behavior, and inhibiting task irrelevant information and prepotent responses 

(Alexander et al., 1989; Bryan & Luszcz, 2000; Lezak, 1995; Spreen & Strauss, 1998; 

Stuss & Alexander, 2000; Stuss & Levine, 2002).  Executive functions involved in 

language include operations such as searching semantic stores, monitoring and evaluating 

potential words to represent a concept, and exerting cognitive control to select the 

appropriate word from among competing alternatives (West, 1996).  These executive 

functions have been localized to the frontal lobe structures.   

The occurrence of language disorders following lesions to the left frontal lobe has 

implicated the left frontal operculum and regions of the dorsolateral convexity in word-

finding, grammatical usage, and comprehension (Alexander et al., 1989).  More 

specifically, the neural substrates of executive functions in language involve medial and 

lateral frontal structures.  Medial frontal structures, especially those at the border of pre-

SMA and the rostral cingulate zone, are involved in initiation of language, cognitive 

control and monitoring conflict between competing responses (Barch et al., 2000; Carter 

et al., 2000; Crosson et al., 1999).  Damage to this region may result in akinetic mutism 

(Damasio & Anderson, 1993).  The lateral frontal cortex of the language dominant 

hemisphere, including Broca’s area, cortex along the inferior frontal sulcus, and possibly 
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pars orbitalis is involved in selection, retrieval and execution of the lexical-semantic 

response appropriate to internal and external constraints (Barch et al., 2000; Crosson et 

al., 1999; Gabrieli et al., 1998; MacDonald et al., 2000; Thompson-Schill et al., 1997; 

Wagner et al., 2001).  Age-related decreased performance on word-finding tasks may be 

due to a deterioration of executive functions resulting in an inability to access words from 

semantic memory stores.  Chapter 2 discusses age-related changes in cognition and 

underlying neurophysiology that may contribute to declines in word retrieval.    

Thus, a difference in level or extent of activity for older vs. younger persons in 

either medial or lateral frontal structures would indicate a change in the neural substrates 

for executive functions.  A medial location would suggest difficulty in intentional 

substrates for language or in monitoring conflict between competing responses.  A lateral 

frontal location would suggest difficulty in response selection or execution, diminished 

ability to formulate search strategies, or increased semantic processing (Crosson et al., 

2003).  Given findings in functional imaging research with aging, it is likely that changes 

in activity with aging would involve increased activity and reduced lateralization thought 

to reflect compensation for reduced efficiency of functioning (Cabeza, 2001; Grady, 

2000; Grady et al., 1994; Madden et al., 1997).   

A second explanation for word-finding difficulties is that the semantic system 

involved in representing concepts may deteriorate to the point where the partial 

information that is available is insufficient to activate a word on occasion.  The semantic 

system attaches meaning to the lexical representation of words (Raymer & Rothi, 2000).  

This information includes knowledge of semantic categories and attributes, such as visual 

features or functions of objects.  The structure of the semantic system has been inferred 
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from patterns of category-specific language impairments resulting from brain injury.  

Category-specific and semantic deficits are characterized by losses that are specific for a 

subset of words in an individual's language.  The most commonly reported category-

specific naming impairment is the dissociation between living and nonliving objects, 

marked by an inability to name members of either a superordinate living or nonliving 

category (Damasio et al., 1996; De Renzi & Lucchelli, 1994; Hillis & Caramazza, 1991;  

Warrington & Shallice, 1984).  Other category-specific naming impairments include 

deficits in naming animals (Barry & McHattie, 1995; Laws et al., 1995), tools (Hillis et 

al., 1990; Sacchett & Humphreys, 1992), fruits and vegetables (Farah & Wallace, 1992), 

body parts (Goodglass & Wingfield, 1993), and medical items and instruments (Crosson 

et al., 1997).  Case studies and functional neuroimaging studies have implicated regions 

of the temporal lobe in semantic representation. 

Many neuroimaging studies suggest that semantic processing occurs in a 

distributed network of topographically organized processors, i.e., category domain or 

type of attribute (Chao et al., 1999; Ishai et al., 1999; Vandenberghe et al., 1996).  

Vandenberghe et al. (1996) identified a distributed multimodal semantic network (shared 

by pictures and words) that extends from the left superior occipital gyrus through the 

middle and inferior temporal cortex to the inferior frontal gyrus.  An integration of case-

study and neuroimaging findings suggests that semantic information is stored in a 

complex matrix involving the modality in which information is processed (i.e., visual vs. 

verbal), attributes relevant to identifying objects (e.g., shape, color, emotional 

connotation), and the semantic category of objects (e.g., living vs. nonliving) (Crosson et 

al., 2000; Hart & Gordon, 1992; Warrington & Shallice, 1984).  Each of these semantic 
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characteristics is thought to have specific neural substrates that can be identified from 

unique patterns of activity with functional imaging.  

Although there are many competing theories of semantic organization to account 

for discrepant findings in both functional imaging and lesion studies, there are relatively 

consistent findings for the involvement of the fusiform gyrus, which runs along the 

inferior surface of the temporal lobe, in semantic processing of visual attributes and 

category domain (e.g., Chao et al., 1999; Ishai et al., 1999; Thompson-Schill et al., 1999).  

Previous neuroimaging studies (Chao et al., 1999; Ishai et al., 1999; Thompson-Schill et 

al., 1999) have shown that the lateral and medial areas of the fusiform gyrus are 

differentially activated during processing of animate and inanimate objects, respectively.  

Living objects activate the lateral fusiform gyrus whereas nonliving objects activate the 

medial fusiform gyrus.  Differences in location of activity in the fusiform gyrus may be 

due to either categorical organization of visual semantic knowledge or to physical 

attributes.  Recently, Kraut et al. (2002) provided support for the role of attributes 

independent of category in semantic organization and identified a common region of 

activity for fruits and tools in the premotor cortex (BA 6/44).  Since fruits are 

manipulable, they share a similar characteristic with tools even though they belong to a 

different category domain (living vs. nonliving).  Thus, Kraut et al. (2002) concluded that 

this area of the premotor cortex may be responsible for the representation of attribute 

knowledge of object use regardless of object category. 

The distinction between the role of attributes and category in semantic organization 

is of particular interest to the current study and may provide a means to detect subtle 

changes in semantic representation, if they exist, in older adults that may contribute to 
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word-finding problems.  A preliminary study in our laboratory with younger adults 

provided evidence for a double dissociation between processing of visual-semantic 

features in the posterior portion of the fusiform gyrus and processing of categories in the 

anterior portion of the fusiform gyrus (Wierenga et al., 2001).  It was based upon the 

concept that vehicles are members of the superordinate category of nonliving things but 

share a visual feature with living things, specifically, reliance on global form for 

identification.  Global visual attributes refer to the basic shape of an object (e.g., an 

object's outline); local visual attributes refer to the fine details of an object's visual 

features that comprise the larger configuration.  In contrast, tools, like many other 

nonliving objects, are assumed to be distinguished from one another visually by their 

local details rather than their global visual features.  For instance, a shovel is 

differentiated from a rake by the nature of the extension attached to its handle.  Global 

features are processed in the right hemisphere and local visual features are processed in 

the left hemisphere in the ventral visual stream (Delis et al., 1992; Doyen & Milner, 

1991; Fink et al., 1997).  In our study, both animals and vehicles activated an area in the 

right posterior fusiform gyrus thought to represent processing global form while 

implements activated an area in the left posterior fusiform gyrus that subserves analysis 

of local features.  However, in the anterior fusiform gyri, animals activated a lateral area 

because they are living things while implements and vehicles activated a medial area 

because they are nonliving things.  Although these findings replicated the findings of 

Chao et al. (1999) and Ishai et al. (1999), further research is needed to reliably support 

the differentiation of visual attributes and category in semantic representation.   
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If semantic substrates in the inferior temporal lobe become less efficient with 

aging, then during confrontation naming, we might expect to see either a breakdown in 

lateralization of processing for global and local features in the left and right fusiform 

gyrus and/or diffuse activity within the medial and lateral fusiform gyrus without respect 

to whether items are living or nonliving things.  Differences in semantic organization 

between younger and older adults in terms of how visual attributes and categories are 

processed would support the claim that decreased word-retrieval in older adults results 

from deterioration of semantic information.  To build a rationale for the hypotheses 

regarding unique brain activity related to semantic information, a review of semantic 

processing will be provided in Chapter 3. 

Chapter 4 describes the hypotheses for the current study and provides a rationale 

for each hypothesis.  Chapter 5 describes a pilot study that was conducted to empirically 

verify that information about global form is sufficient to identify both animals and 

vehicles whereas local details are needed to identify tools.  Spatial frequency content is a 

primary perceptual factor for recognizing visual objects; filtering spatial frequency of 

photographs is a technique that manipulates the amount of detail in an object while 

preserving global form.  Pictures were presented in a way that removes most local detail 

by filtering high spatial frequency content, and then detail was gradually added until 

normal subjects could identify the picture.  As expected, animals could be identified with 

the least amount of local detail, tools required the most amount of local detail, and 

vehicles were intermediate in the amount of local detail needed for identification 

(Wierenga et al., 2003).  Results of this pilot study informed our selection of stimuli for 

the FMRI study to experimentally manipulate the categories so that animals and vehicles 
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were similar in amount of global visual information needed for identification.  Chapter 6 

describes the methodology used in the current study, Chapter 7 presents the results, and 

Chapter 8 provides a discussion of the findings.   

The purpose of the current study is two-fold.  First, the study initiates an inquiry 

into the differences in neural substrates of word retrieval in healthy young and older 

adults using functional magnetic resonance imaging (FMRI) to determine the 

contribution of frontal-executive vs. temporal-semantic substrates of word retrieval.  

Specifically, the study tests two competing hypotheses to ascertain whether neural 

substrates subserving strategic processes to access lexical and semantic information 

change with normal aging or whether neural substrates of semantic information change in 

function with normal aging.  The second aim of the study is to inform and constrain 

models of semantic representation in the inferior temporal lobe, specifically to assist in 

more precisely understanding the role of category and visual attribute in semantic 

organization.  Category and attribute will be examined by using items from which a 

major attribute matches that of items from another category.  Specifically, pictures of 

animals, tools, and vehicles will be presented for naming.  As mentioned, vehicles are 

identified by the attribute of global form like animals, but vehicles are a member of the 

category of nonliving things, like tools.  In contrast, tools, like many other nonliving 

objects, are assumed to be distinguished from one another visually by their local details 

rather than their global visual features.  Results from the Kraut et al. (2002) study suggest 

that this type of dissociation between attributes and category is possible, although it has 

not been successfully demonstrated in the inferior temporal lobe. 

 



 

CHAPTER 2 
COGNITIVE AGING 

Neuropsychological Changes in Aging 

The effects of healthy aging on cognition are not well understood.  One challenge 

to the study of cognitive changes in aging is the ability to discriminate the effects of 

normal aging from pathological processes that disrupt cognition, especially since normal 

aging is associated with changes in the neural correlates of cognition.  Therefore, it has 

become increasingly important to relate cognitive changes in aging to their underlying 

structural and functional neural substrates. 

Normal aging disproportionately affects certain cognitive functions while other 

cognitive functions remain intact late into life.  For example, executive control, strategic 

planning and speed of processing have been shown to decline more rapidly with age than 

other functions (Park, 1996; Salthouse, 1996).  Working memory (the manipulation and 

maintenance of information on-line) and episodic memory (the ability to encode new 

memories of facts) also tend to decline across the lifespan from age 20 to 80, whereas 

semantic memory performance is less vulnerable to decline with aging (Balota et al., 

2000; Mayr & Kliegl, 2000; Park et al., 2002; Schaie, 1996).  Of note, a disorder of the 

semantic memory system is considered a hallmark sign of Alzheimer’s disease, although 

the nature of this semantic disorder is under debate (see Milberg, 1999).  Short-term 

memory and vocabulary remain relatively stable until around age 70, after which they 

show sharper declines (Hedden and Gabrieli, 2004; Park et al., 2002; Schaie, 1996).  

Autobiographical memory, emotional processing and implicit memory appear to remain 
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relatively unchanged throughout life (Hedden & Gabrieli, 2004; La Voie & Light, 1994).  

Of particular interest to the current study is the impact of life-long changes in executive 

functions underlying the ability to access and manipulate information and the apparent 

relative preservation of semantic memory on word retrieval. 

Age-related Changes in Executive Functions of Language 

As noted, aging appears to differentially affect executive functioning abilities (Park 

1998; Rubin, 1999).  Since executive functions underlie the ability to retrieve information 

from memory, declines in naming and verbal fluency performance with age may be 

attributed to difficulty accessing lexical information from memory stores rather than to a 

deterioration of long-term lexical-semantic memories themselves (Kempler & Zelinski, 

1994).  However, changes in executive functions of language with aging have not been 

directly investigated.  Rather, performance on tasks of confrontation naming and verbal 

fluency has been interpreted to reflect changes in underlying executive functions.  For 

example, poor performance on the Boston Naming Test (BNT) may signify problems 

with selection and retrieval of lexical-semantic information.  Older adults consistently 

perform worse than younger adults on the BNT.  To illustrate, a score attaining the 50th 

percentile for an 80 year-old would be ranked at or below the 16th percentile when 

compared to a 60 year-old person (Ivnik et al., 1996).  Although this difference in scores 

is statistically significant, it is relatively modest.  The scores differ by only approximately 

5 of a possible 60 correct responses, even though this represents a difference of two 

standard deviations.  However, individuals with 12 years of schooling or more tend to 

perform better on confrontation naming, regardless of their age (Neils et al., 1995; Welch 

et al., 1996). 
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Increased variability in performance on the BNT has also been reported with 

advancing age (Van Gorp et al., 1986).  Errors most often involve no response, 

circumlocution or semantic errors (Tombaugh & Hubley, 1997).  An increase in semantic 

errors on the BNT in a group of individuals in their seventies, including circumlocutions, 

semantically related associates, and nominalizations (word that describes the function of 

an object) suggests a discrepancy between the ability of older individuals to access a 

lexical representation and their knowledge of the semantic or conceptual representation 

involved in word retrieval (Albert et al., 1988).  In contrast, other studies of confrontation 

naming support the preservation of executive functions involved in word retrieval in 

aging.  For example, there was no interaction between age and lexical properties 

(including familiarity, number of letters, frequency of occurrence, and number of 

syllables of word representations) of the items on the BNT, suggesting that the process of 

lexical access was similar in younger and older adults (Moberg et al., 2000). 

Previous research has revealed a moderate but reliable age-related decline in 

performance on tests of semantic fluency, which involve active search and retrieval of 

members of a specified semantic category as quickly as possible (Bäckman & Nilsson, 

1996; Kempler et al., 1998; Mayr & Kliegl, 2000; McCrae et al., 1987; Troyer et al., 

1997).  For example, a score for semantic fluency attaining the 50th percentile for an 80 

year-old would be ranked at or below the 16th percentile when compared to a person 

under 69 (Lucas et al., 1998).  Relatively constant age differences on elements of verbal 

fluency tests such as retrieval position and response latency suggest that decreased 

performance results from impaired executive control processes, such as initiating a 

semantic search and selecting an appropriate response (Mayr & Kliegl, 2000).  The use of 
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switching and clustering strategies has been assessed to differentiate between semantic 

and executive functions involved in semantic fluency (Troyer et al., 1997).  Switching 

involves finding a new category and relies on effective search processes supported by 

frontal structures, whereas clustering involves producing consecutive words within the 

same semantic or phonemic category and is thought to depend on an individual’s store of 

available words that are maintained by temporal structures (Stuss & Alexander, 2000).  

Older adults tend to switch less frequently, which contributes to decreased performance 

and suggests less effective search strategies due to aging.  

Arguably, although standard neuropsychological tests of language provide valuable 

qualitative and quantitative information about behavioral changes in aging, they are 

limited in their ability to elucidate the neural correlates of executive functions subserving 

language production and to distinguish between frontal and temporal neural systems 

underlying word retrieval deficits in aging.  Furthermore, since neuropsychological tests 

of executive functions were developed to be sensitive to frontal lobe damage rather than 

to assess theoretical concepts of executive functions, their ability to differentiate between 

components of executive functions or between executive and “nonexecutive” functions is 

questionable (Bryan & Luszcz, 2000).  The debate between the changing role of 

executive vs. semantic functions in word retrieval in aging is difficult to resolve through 

evaluation of behavioral performance alone without respect to the neuroanatomical 

correlates of these functions.     

Age-related Changes in Semantic Memory 

Although verbal and language-based knowledge is generally well-maintained into 

old age, subtle changes in the organization of semantic memory with aging may 

contribute to word finding difficulties (Eustache et al., 1998).  However, the semantic 
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system has not been adequately studied in older adults.  Although the organization of 

semantic memory and potential age-related changes are difficult to assess with traditional 

neuropsychological or cognitive tests, attempts have been made to infer semantic 

functioning from behavioral performance.  Qualitative analysis of the verbal responses in 

semantic fluency tasks reveals that older and younger adults demonstrate differences in 

selection and frequency of the most common responses to semantic categories, which 

may suggest different compositions of semantic categories in older and younger adults 

(Brosseau & Cohen, 1996).  In contrast, Brown and Mitchell (1991) found no age 

difference in retrieving dominant responses for a high-constraint task (picture naming) 

and a low-constraint task (category exemplar generation), but older adults produced less 

consistent responses than younger adults with broadly defined categories.  Although these 

studies provide some support for age-related differences in semantic processing, it is 

difficult to determine whether these differences result from changes due to aging or 

whether they merely represent cohort effects.   

An alternative approach to examine age-related changes in semantic organization is 

the use of priming tasks that indirectly probe semantic function and may be more 

sensitive than traditional neuropsychological tests to the role of semantic representation 

in age-related changes in word retrieval.  Priming results in the facilitation of a response 

(e.g., lexical decision or picture naming) when the target is preceded by a semantically 

related stimulus or prime.  The prime is assumed to activate its own representation in 

memory and that activation “spreads” and activates representations of related items.  

Therefore, an age difference in semantic priming raises the possibility of changes in the 

structural representation of lexical-semantic information.  However, converging evidence 
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suggests equivalent semantic priming effects in younger and older adults.  The lack of 

age-related changes in priming has been interpreted as evidence against the loss of 

semantic knowledge (Bowles, 1994; Kempler & Zelinski, 1994).  In addition, when 

priming effects are reported for older adults, the larger priming effect is often due to a 

greater age difference in reaction times to unrelated primes than in reaction times to 

related primes (Laver & Burke, 1993; Myerson et al., 1997).  

In summary, although word-finding problems in aging are well-documented, 

whether they are due to changes in the neural substrates subserving the ability to access 

semantic stores or a deterioration in the neural representation of semantic memory itself 

is difficult to resolve with behavioral performance on language tasks alone, since these 

tasks do not elucidate the changes in neural substrates underlying word retrieval.  Despite 

inconsistent findings, behavioral performance on various language tasks provides clues 

into the nature of word retrieval problems.  Although decreased accuracy on these tasks 

has predominantly been attributed to declines in executive functioning, there is some 

evidence to suggest a deterioration of semantic processing may impact performance.  Yet, 

these behavioral studies are limited by the ability of these assessment measures, such as 

visual picture naming and semantic fluency, to yield pure reflections of semantic 

processing or executive functioning, since both processes are inherently implicated to 

some degree in the performance of these tasks.  Clearly, the dissociation of executive and 

semantic processes in age-related changes in word retrieval has not been adequately 

addressed.  These inconsistent findings highlight the need for a more rigorous 

examination of the underlying mechanisms responsible for word retrieval difficulties in 

aging to address the potential dissociation between the process of access and 

 



15 

representation in word retrieval.  Functional neuroimaging techniques may contribute to 

the resolution of this debate by relating behavioral performance to changes in functioning 

of the neural substrates underlying executive functions and semantic processes involved 

in word retrieval in normal aging.   

Neuroanatomical and Vascular Changes in Aging 

Aging is associated with notable alterations in brain structure and function. 

Compared to younger adults, the brains of older adults tend to have lower volumes of 

gray matter (Haug & Eggers, 1991; Mesulam, 2000; Raz, 2000; Resnick et al., 2003).  

The decreased brain volume results from lower synaptic densities in older adults, rather 

than from a loss of neurons (Terry, 2000).  However, changes in brain volume are not 

uniform across regions.  The prefrontal cortex and medial temporal structures are 

particularly affected by either normal or pathological aging, whereas the occipital cortex 

remains relatively unaffected by age (Raz et al., 2004; West, 1996).  Older brains also 

demonstrate expansion of the cerebral ventricles, gyral atrophy, enlargement of cerebral 

sulci, and a global increase in cerebrospinal fluid (Good et al., 2001; Guttmann et al., 

1998; Mesulam, 2000; Raz, 2000; Resnick et al., 2003).   

It remains unclear whether gray matter (cell bodies and synapses in the cortex and 

subcortical nuclei) and white matter (myelinated axons) are differentially sensitive to the 

effects of aging (Raz, 2000).  There are relatively consistent findings that global gray 

matter volume decreases linearly with age.  Yet, regional differences in gray matter 

volume changes are under dispute.  Although accelerated loss of volume in the prefrontal 

cortex (dorsolateral and orbitofrontal), inferior temporal cortex, insula, superior parietal 

gyri, central sulci and cingulate sulci is generally agreed upon, there are conflicting 

reports of decline in the hippocampus and entorhinal cortex (Good et al., 2001; Raz et al., 
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1997; Resnick et al., 2003).  However, at least one study reports an absence of a 

substantial decrease in gray matter (Guttman et al., 1998).  Similarly, studies examining 

white matter changes in aging yield widely inconsistent results.  Despite several reports 

that global white matter volumes do not decline with age, there is evidence of a loss of 

white matter density and an increase in white matter lesions as a result of age (Guttman et 

al., 1998).  White matter changes are most pronounced in the prefrontal cortex and the 

anterior corpus collosum, although age-related decline in white matter integrity and 

increase in white matter hyperintensities is widespread and may represent demyelinating 

changes in older adults (Bartzokis et al., 2003; Head et al., 2004; Raz, 2000; Resnick et 

al., 2003).  Several white matter pathways, including frontal white matter tracts, optic 

radiations, and posterior limbs of the internal capsule also exhibit a relative accelerated 

loss of volume (Good et al., 2001).  White matter abnormalities have been associated 

with poor performance on tasks of executive functions, processing speed and immediate 

and delayed memory (Gunning-Dixon & Raz, 2000).  Taken together, age-related 

changes in the gray and white matter of the cortex may mediate behavioral patterns of 

cognitive aging in healthy adults (Hedden & Gabrieli, 2004), despite some of the 

inconsistent findings, which are likely due to different morphometric techniques used 

across studies and the reciprocity between gray matter and white matter that makes it 

difficult to distinguish increases in one from decreases in the other.  

The prefrontal cortex is particularly vulnerable to the effects of aging, as 

demonstrated by a more pronounced reduction in volume due to shrinkage of cortical 

neurons and decreased synaptic density and dendritic arborization (Raz, 2000).  

Structures of the prefrontal cortex experience an estimated average volume decline of 
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about 5% per decade after the age of 20, although it is not known whether atrophy is due 

to changes in white matter or gray matter (Raz et al., 2004; Raz et al., 1998; Resnick, 

2003; Tisserand et al., 2002).  However, the frontal lobes are structurally and functionally 

very heterogeneous, and subregions are differentially affected by age.  Specifically, the 

lateral regions of the prefrontal cortex undergo the largest declines in healthy older adults 

whereas the anterior cingulate, frontal pole and precentral gyrus remain relatively 

unchanged (Raz et al., 2004; Salat et al., 2001; Tisserand et al., 2002).  In addition to 

increased frontal atrophy with age, regions in which the frontal lobes have dense 

reciprocal projections such as the thalamus and striatum demonstrate significant atrophy 

(Raz, 2000; Rubin, 1999; Van der Werf et al., 2001).  In fact, changes in the frontostriatal 

system are thought to underlie normal aging and account for the differential declines in 

the volume and function of the prefrontal cortex (Gabrieli 1996; Hedden & Gabrieli, 

2004; Rubin, 1999).  Changes in the striatum tend to be smaller and decline by about 3% 

per decade (Gunning-Dixon et al., 1998).  The caudate has been found to decrease by 

15% from age 25 to 75 (Rubin, 1999).  The volume of the thalamus also decreases with 

age, and is correlated with slower cognitive processing speed (Van der Werf et al., 2001).  

In line with these volumetric changes, neurotransmitters in the prefrontal cortex and 

striatum also experience age-related changes.  Dopamine concentration, transporter 

availability, and dopamine D2 receptor density decline with age, which are associated 

with lower glucose metabolism in the frontal cortex and hypometabolism in the anterior 

cingulate cortex, temporal cortex, and caudate nucleus (Goldman-Rakic & Brown, 1981; 

Volkow et al., 1996; Volkow et al., 2000).   
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In contrast to the relatively large age-related changes in the prefrontal cortex, 

striatum, and frontal white matter tracts, temporal structures undergo minimal age-related 

changes in healthy aging (Raz et al., 2004).  For instance, the degree of volume reduction 

in the temporal lobes for adults older than seventy has been estimated to be only about 

1% (West, 1996).  However, the volume of the hippocampus and the parahippocampal 

gyrus declines by 2-3% per decade, although dendritic growth continues until the 9th 

decade in the hippocampal CA subregions and the parahippocampal gyrus (Rapp et al., 

2002; Rasmussen et al., 1996; Raz et al., 2004; West, 1993).  These declines in volume 

are primarily unrelated to cognitive function over the lifespan, although hippocampal 

volume tends to predict explicit memory performance after the age of 60 (Raz et al., 

1998; Rosen et al., 2003).  Given the relative preservation of the temporal cortex in 

healthy aging, this region may be a more sensitive predictor of pathological cerebral 

changes in late life and changes in the volume of the temporal lobes may be predictive of 

the onset of dementia (Raz, 2000).  Specifically, it has been suggested that a reduction of 

the volume of the fusiform gyrus may be a better predictor of cognitive decline than 

changes in hippocampal volume (Raz, 2000).    

Changes in cerebrovascular dynamics have also been observed in aging.  This has 

important implications for the study of aging using FMRI, since FMRI relies on the 

hemodynamic properties of the vasculature surrounding regions of neuronal activity (to 

be discussed later in this chapter).  Medical conditions such as hypertension, diabetes, 

and high cholesterol are relatively common in older adults and are the main risk factors 

for cerebrovascular disease.  Even in healthy aging, arteriosclerotic changes, such as 

fibrohyaline thickening of the vessel wall (Furuta et al., 1991), necrosis of smooth muscle 
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cells (Masawa et al., 1994) and thickening of the basement membrane (Nagasawa et al., 

1979) gradually increase with age and compromise the integrity of the cerebral 

vasculature (D’Esposito et al., 2003).  These changes may decrease the elasticity and 

compliancy of affected vessels, including capillaries, arterioles and cerebral arteries and 

eventually occlude cerebral vessels (D’Esposito et al., 2003).  Sixty-five percent of adults 

above the age of 60 have venous alterations, which in severe cases can completely 

occlude veins (Moody et al., 1997).  The tortuosity, or winding and coiling, of some 

vessels also increases with age, most notably in the arteriole-venous-capillary bed (Fang 

et al., 1976).  Since blood flow in the capillary bed significantly contributes to the blood 

oxygenation level-dependent (BOLD) signal (Menon et al., 1995), these age-associated 

differences in vasculature may produce age-related differences in the BOLD FMRI 

signal.  Partially occluded vessels may result in chronic ischemia, a condition of 

insufficient oxygen delivery tissue (D’Esposito et al., 2003).  Sustained dilation of 

vessels distal to partially occluded vessels may compensate for cerebral ischemia and 

provide adequate tissue perfusion, but may impede the additional blood flow increase that 

is responsible for the BOLD signal examined in FMRI (Daut et al., 1990; D’Esposito et 

al., 2003).  

A significant decrease in the resting cerebral blood flow (rCBF) in the cortical and 

subcortical parenchyma as well as in large cerebral arteries is also associated with aging 

(Bentourkia et al., 2000; Kawamura et al., 1993; Krejza et al., 1999).  Similarly, a 

decrease in the resting regional cerebral metabolic rate of oxygen utilization (rCMRO2) 

has also been documented in aging (Madden & Hoffman, 1997), although the impact of 

this on age-related changes in activity-induced CMRO2 have not been examined 
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(D’Esposito et al., 2003).  For example, selective reduction in rCBF has been found in the 

temporal and prefrontal cortices (West, 1996).  In older adults, a pattern of 

hypofrontality, characterized by decreased blood flow in the anterior as compared with 

posterior regions has been observed, in contrast to a pattern of hyperfrontality commonly 

seen in younger adults (West, 1996).  The differences in resting CBF between younger 

and older adults may have serious implications for FMRI studies that make comparisons 

between an active task and a resting baseline, since the BOLD signal is a relative measure 

of signal change between two conditions.  Although such declines have been found in 

rCBF during resting states, age-related differences in the pattern or magnitude of activity 

during cognitive activity has not consistently been demonstrated (Gur et al., 1987).  

Despite clear age-associated anatomical and vascular changes, it has yet to be determined 

whether or to what extent these structural and physiological changes result in reduced 

functional integrity of the normal aging brain demonstrated by changes in behavior and 

cognition.   

Functional Neuroimaging of Cognitive Aging 

Functional magnetic resonance imaging (FMRI) indirectly measures neural 

functioning through the blood oxygenation level-dependent (BOLD) signal. The BOLD 

signal depends on neurovascular coupling, the process by which neural activity 

influences the hemodynamic properties of the surrounding vasculature (Buckner et al., 

2000; D’Esposito et al., 2003).  The BOLD response derives from a local increase in 

blood oxygen content due to changes in blood flow and volume resulting from increased 

neural activity.  Specifically, local blood flow increases following a neural event.  The 

increase in blood flow and volume overshoots the tissue’s increased demand for oxygen.  

This results in a decrease in the concentration of deoxygenated hemoglobin in the 
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microvasculature surrounding the activated region and leads to an increase in the BOLD 

signal.  The BOLD signal reflects the ratio of non-paramagnetic oxygenated hemoglobin 

to paramagnetic deoxygenated hemoglobin, and is altered by neural activity that 

influences several factors, including cerebral blood flow (CBF), cerebral blood volume, 

and cerebral blood oxygen consumption (D’Esposito et al., 2003).  Therefore, the BOLD 

mechanism is dependent on the integrity of the local vasculature (Buckner et al., 2000).  

Basic changes in the brain’s physiology with aging, such as changes in cerebral 

cytoarchitecture, neurochemistry, vasculature, and cerebral hemodynamics represent 

potential confounds to the investigation of aging and cognition using functional 

neuroimaging, since any alteration in the cerebrovascular dynamics could affect 

neurovascular coupling.  Since the BOLD response may have different properties in 

young and older adults, the ability to differentiate between changes in neurovascular 

coupling and changes in the underlying neural activity is a challenge to interpreting age-

related changes in FMRI, especially because direct comparisons of groups rely on the 

assumption of comparable neurovascular coupling.  The ability to correlate changes in 

BOLD signal with task performance increases the likelihood that group differences 

represent true correlates of changes in neural activity rather than physiological 

alterations. 

Given the likelihood of vascular compromise that may affect neurovascular 

coupling in older adults, characteristics of the BOLD signal may differ between younger 

and older adults.  Studies that have compared hemodynamic response properties in 

younger and older adults have yielded conflicting results.  For instance, there are reports 

of similar hemodynamic response amplitudes and shapes between young and old adults in 
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the primary motor cortex (Buckner et al., 2000; D’Esposito et al., 1999).  Despite this 

similarity, D’Esposito et al. (1999) also reported increased variability and a reduced 

signal-to-noise ratio in healthy older adults, and found that younger adults activated four 

times as many voxels as their older counterparts.  However, a substantial portion of the 

elderly subjects did not exhibit detectable BOLD responses during the finger tapping 

task, which suggests a weakened or nonexistent coupling between neural activity and 

FMRI signal in these subjects.  This study is noteworthy because D’Esposito et al. (1999) 

chose a simple motor task in which associated neural activity is not expected to differ 

between younger and older adults, thus strengthening their ability to discern age-related 

changes in neurovascular coupling.  In addition, Taoka et al. (1998) report an age-related 

lag in time for the BOLD signal to reach half its maximum level in the precentral gyrus 

for a blocked design hand-grasping task, which may be due to decreased local vascular 

reactivity. 

In contrast, reduced signal amplitude (percent signal change) has been found in the 

visual cortex of older adults during FMRI of photic stimulation (Buckner et al., 2000; 

Ross et al., 1997), although Ross et al. (1997) did not find a change in spatial extent of 

activity as measured by the number of pixels exceeding threshold.  Alternatively, Huettel 

et al. (2001) found a decrease in spatial extent and increased noise levels in the visual 

cortex in older adults evoked by viewing checkerboard stimuli despite similar amplitudes 

of the BOLD signal.  A decrease in signal amplitude and number of activated voxels was 

also found in the sensorimotor cortex associated with age during a finger-tapping task 

(Hesselman et al., 2001).  Since histological studies have not revealed significant 

neuronal loss in the primary motor cortex in normal aging (Haug, 1997; Haug & Eggers, 
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1991), functional differences in this region more likely reflect a disturbance of 

neurovascular coupling.  Furthermore, within-subject age-associated regional differences 

in the BOLD signal have been found between the visual and motor cortex elicited by 

viewing a flickering checkerboard and pressing a key; BOLD signal amplitude was 

decreased in the visual cortex, whereas there was no change in BOLD signal amplitude in 

the motor cortex (Buckner et al., 2000).  Buckner et al. (2000) attempted to resolve these 

signal differences between visual and motor areas by suggesting that there may be 

regional variation in the coupling of neuronal activity to hemodynamic response.  

Whether regional variations also occur in the neural substrates subserving tasks with 

greater cognitive demands, such as word retrieval, is yet to be determined. 

Despite the potential confound of age-associated changes in neurocoupling with 

age-related changes in neural activity, the comparison of patterns of activity during 

cognitive tasks in older and younger adults can provide valuable information relating 

cognitive changes to their neural substrates, especially when behavioral performance is 

known.  Functional neuroimaging studies have shown that older and younger people may 

use different brain areas on cognitive tasks, even when performing at the same level of 

proficiency (Grady, 2000).  Several functional neuroimaging studies report differences in 

the extent of activity for older adults when compared to younger adults.  Of particular 

interest to the current study are age-associated activity changes in executive functions and 

semantic memory.  Older adults tend to exhibit different patterns of prefrontal cortex 

activity than younger adults during tasks involving executive functions.  However, 

investigations of age-related activity changes during executive processing tasks report 

contradictory results.  While some studies report that older adults demonstrate less 
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activity in the prefrontal cortex during executive functioning (Logan et al., 2002; Rypma 

& D’Esposito, 2000; Stebbins et al., 2002), other studies indicate that differences exist 

between the regions activated within the prefrontal cortex in younger and older adults 

(Cabeza et al., 2002; Grady et al., 1998).  In fact, older adults sometimes show increased 

activity in regions not activated by younger adults, often in areas contralateral to those 

activated by younger adults (Cabeza et al., 2002; Grady et al., 1998; Logan et al., 2002; 

Rypma & D’Esposito, 2000; Stebbins et al., 2002).  Increased recruitment of the 

prefrontal cortex may indicate an increased need for executive functions in older adults, 

(such as monitoring of responses, alternating between tasks, or resolving conflict between 

competing goals) or a decreased suppression of competing responses, even during tasks 

not specifically designed to elicit executive control.  For example, evidence suggests that 

older adults recruit medial and dorsolateral frontal areas subserving executive functions 

involved in task-switching even when such demands are not fundamental to the task 

(DiGiralamo et al., 2001).  In contrast, few studies have examined age-related changes in 

semantic memory using functional neuroimaging techniques.  Madden et al. (2002) report 

minimal age-related change in activity for retrieval of semantic information during a 

lexical decision task.  Instead, older and younger adults demonstrated a similar pattern of 

activity in the occipitotemporal and inferior prefrontal regions of the left hemisphere 

(Madden et al., 2002).  Of note, to our knowledge there have not been any studies to date 

that have investigated age-related changes in naming using FMRI.   

Because the relation between neural activity and cognitive performance is complex, 

interpreting age-related changes in patterns of activity can be challenging.  Increased 

activity in older adults may reflect a variety of processing mechanisms, including 
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decreased efficiency, compensatory functioning, use of alternative strategies, or reduced 

suppression or recruitment of irrelevant neural resources.  For instance, higher activity 

levels may be necessary for older adults to maintain the same level of performance as 

younger adults.  Rypma et al. (2001) found increases in frontal lobe activity were 

associated with decreases in reaction time in younger adults but with increases in reaction 

time in older adults during a working memory task, which they interpret as evidence that 

age-related declines might affect the neural correlates of processing efficiency.  Older 

adults may use different functional networks to compensate for reductions in efficiency in 

task-related brain regions.  Alternatively, there are reports that additional activity in the 

prefrontal cortex for older adults is often seen only in high-performing older adults 

(Cabeza, 2002; Cabeza et al., 2002; Reuter-Lorenz et al., 2000; Reuter-Lorenz et al., 

2002).  For example, in a strategic encoding task, high-performing older adults exhibited 

bilateral PFC activity, whereas younger adults and low-performing seniors showed only 

left-sided PFC activity (Rosen et al., 2002).  In addition, age-related activity changes may 

be modulated by strategy choice, and older adults may adopt different strategies to 

compensate for declines in cognitive ability or neural deficits (Stebbins et al., 2002).  

However, additional activity in older adults does not always correlate with equivalent or 

better performance, but may sometimes represent non-selective recruitment of irrelevant 

or competing brain regions (Logan et al., 2002) accompanying poor performance.  Such 

non-selective recruitment could occur if a break-down in inhibitory connections 

accompanies aging (Head et al., 2004).  Alternatively, a decrease in activity may reflect 

more efficient processing or decreased processing (Cabeza, 2001).   
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A relatively consistent finding in functional neuroimaging studies of cognitive 

aging is that prefrontal cortex activity tends to be less lateralized in older adults than 

younger adults in a variety of cognitive domains, including episodic memory, semantic 

memory retrieval, working memory, perception and inhibitory control (Logan et al., 

2002; Madden et al., 1997; Reuter-Lorenz et al 2000; Stebbins et al., 2002).  Cabeza 

(2001) conceptualizes this decreased laterality in terms of a model called Hemispheric 

Asymmetry Reduction in Old Adults (HAROLD).  Two hypotheses have been proposed 

to account for decreased laterality.  According to a compensation hypothesis in old age, 

bihemispheric involvement emerges to help counteract age-related neurocognitive 

decline, whereas according to a dedifferentiation hypothesis, bihemispheric activity 

reflects difficulty in recruiting specialized neural mechanisms.  Preliminary studies of 

high- and low- performing older adults on memory tasks suggest that increased bilateral 

activity reflects compensatory mechanisms, since low-performing adults did not activate 

bilateral prefrontal cortex regions seen in high-performing older adults (Cabeza et al., 

2002; Rosen et al., 2002).   

In summary, results from functional neuroimaging studies of cognitive aging 

suggest that comparisons of the neural mechanisms underlying age-related changes in 

cognitive activities are possible.  Although there are several challenges in this area of 

research, potential methodological techniques have been suggested to aid in the 

interpretability of obtained results by reducing the confounds of age and performance.  

Event-related FMRI paradigms have the advantage of monitoring performance and 

distinguishing between successful and unsuccessful trials and allow for these trials to be 

analyzed separately so that activity associated with successful trials can be attributed to 
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mechanisms responsible for successful performance (Cabeza, 2001).  In addition, 

incorporation of a control task, such as a motor task, in which age-related neural activity 

is not thought to differ can be used to assess the BOLD response and allows for the 

elimination of participants who demonstrate an atypical or decreased hemodynamic 

response likely attributed to compromised vasculature associated with aging.  Studies that 

demonstrate changes in activity in the prefrontal cortex and the ventral visual pathway 

suggest that the comparisons in the current study are possible.  However, there is much to 

learn about changes in hemodynamic response properties with age and how to interpret 

age-related changes in functional activity during cognitive tasks. 

 

 

 



 

CHAPTER 3 
SEMANTIC PROCESSING 

Semantic Representation 

The Semantic System 

Word retrieval involves semantic memory, which Tulving (1972) defined as a long-

term memory store for context-free knowledge about language, facts and common 

concepts.  The semantic system represents meaning and stores knowledge of concepts in 

the brain.  It is the mechanism that attaches meaning to the sensory and productive 

experiences of spoken and written words and viewed objects (Raymer & Rothi, 2000).  

Ellis and Young (1988) proposed a model in which the semantic system receives sensory 

input from two modalities; it receives auditory input in the form of phonological input 

(heard words) or sounds, and visual input in the form of orthographic input (written 

words) or structural object representations (Figure 3-1).  The auditory and visual 

processing systems are responsible for recognizing words, objects, and sounds as familiar 

but do not provide information about meaning.  Rather, they allow access to meaning in 

the semantic system.  The semantic system functions to attach meaning to the auditory 

and visual input and enables meaningful spoken or written output.  Other theorists have 

elaborated on the model of the semantic system proposed by Ellis and Young (1988) to 

include other sensory inputs, such as viewed gestures and actions, olfactory information 

and tactile information, as well as productive outputs such as action or pantomime 

(Raymer & Rothi, 2000).  The utility of Ellis and Young's model of the semantic system 

is its ability to explain many language disorders in terms of damage to specific input or 
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output systems and differentiate these disorders from semantic language disorders.  

However, this model is incomplete because it does not provide an account of the 

underlying organization of information in the semantic system. 

 
Figure 3-1. Depiction of Ellis and Young’s (1988) model of lexical and semantic 

functions. 

Models of Semantic Representation 

There are two predominant models of semantic representation: modular and 

distributed.  Modular models assume that the brain consists of anatomically distinct 

modules or cognitive processors which function independently to produce mental states 

(Fodor, 1983).  Modular models of semantic organization posit that knowledge is 

compartmentalized in the brain in independent but interacting modules, and assume a 

one-to-one correspondence between semantic knowledge and underlying brain regions 

responsible for this information.  Ellis and Young’s (1988) model of the semantic system 

represents a modular model.  Support for modular models comes from semantic deficits 
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that appear to respect the boundaries of category or attribute knowledge or modality of 

processing.  An advantage of modular models is that they tend to map well onto 

neuroanatomical regions.  However, since they assume that processes are discrete and 

processing occurs in a sequential, unidirectional fashion, they do not represent an 

efficient system; instead modular models presume replication of information.  For 

example, separate lexicons (phonological, orthographic) are suggested for the input and 

output processes of the semantic system as depicted by Ellis and Young (1988).   

In contrast, distributed models of semantic representation do not assume divisions 

of the semantic system but conceptualize it as unified and widespread throughout the 

brain.  Distributed models are guided by computational theories including spread of 

activation or parallel distributed processing (PDP) models, which maintain that semantic 

information is contained within the connections between different nodes (which represent 

concepts) and place less emphasis on neuroanatomical localization (McClelland & 

Rumelhart, 1985).  The relative distance or weighting of connections between nodes 

represents the relative relationship between concepts.  Information processing is efficient 

and spreads iteratively in a bi-directional manner with feedforward and feedbackward 

loops.  Several computational models suggest that the semantic system is comprised of a 

network of attributes, similar to a neural network, with the properties of parallel 

processing and distributed representation, and semantic categories are an emergent 

property of the interaction of attributes (Caramazza et al., 1990; Caramazza & Shelton, 

1998; Farah & McClelland, 1991; Hillis & Rapp, 1995; Rapp et al., 1993).  Attributes are 

modeled as units that are interconnected with every attribute in the network.  The strength 

of connections between attributes differs depending on the likelihood of occurring 
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together (Farah and McClelland, 1991).  Semantic representation results from a spreading 

pattern of activation within this network and semantic information is located in the 

connections between attributes.  Therefore, category-specific deficits are seen as 

artifactual or due to lost attributes following an alteration of the dynamics of the semantic 

network, rather than loss of a semantic category.  Although the computational theories of 

distributed models may reflect neuronal processing, they are limited in their ability to 

describe the underlying neural architecture of semantic processing.  

Neither modular and distributed models of semantic organization provide an 

adequate explanation for the diversity of semantic deficits observed in patients who have 

sustained brain damage nor the patterns of brain activity reported in the functional 

neuroimaging literature.  Evidence suggests that category, attribute and modality of 

processing are involved to some extent in semantic representation, although the degree to 

which each dimension contributes to semantic organization is disputed.  Modular and 

distributed models differ in the emphasis placed on the organizing role of category 

(modular models) or attributes (distributed models) and ascribe little importance to the 

role of modality (e.g., visual or verbal) in semantic organization.  Many neuroimaging 

studies suggest that semantic processing occurs in a distributed network of 

topographically organized processors, i.e., category domain or type of attribute (Chao et 

al., 1999; Ishai et al., 1999; Vandenberghe et al., 1996).  For instance, Binder et al. 

(1997) identified a large network involving the frontal lobe including the inferior and 

middle frontal gyri, the temporal lobe including superior, middle, and inferior temporal 

gyri, and parahippocampal gyri, the parietal lobe including the angular gyrus, and a 

retrosplenial area activated during an animal monitoring task. Vandenberghe et al. (1996) 
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identified a distributed multimodal semantic network (shared by pictures and words) that 

extends from the left superior occipital gyrus through the middle and inferior temporal 

cortex to the inferior frontal gyrus.  A discussion of the evidence from lesion and 

functional imaging studies supporting the role of category, attribute, and modality of 

processing follows, and a reconciliation of these theories is presented in the matrix theory 

(Crosson et al., 2000).  An understanding of the organization of semantic knowledge is 

necessary to detect differences in semantic organization that may exist between younger 

and older adults and potentially contribute to decreased word-retrieval in older adults. 

Evidence for the role of category 

Numerous case studies of category-specific impairments suggest that knowledge is 

organized according to category domain (Caramazza & Shelton, 1998; Hillis & 

Caramazza, 1991; Warrington & Shallice, 1984).  Theories of a categorically organized 

semantic system posit the existence of multiple functionally and anatomically distinct 

subsystems in the brain (analogous to modules) each specialized for the knowledge of a 

particular category domain.  Accordingly, category-specific deficits are explained in 

terms of localized damage to the cognitive module responsible for a particular category 

domain.  Theoretically, damage to one module does not affect the function of another 

module, which accounts for fairly circumscribed semantic deficits (i.e., for naming 

animals: Barry & McHattie, 1995; Laws et al., 1995; tools: Hillis et al., 1990; Sacchett & 

Humphreys, 1992; fruits and vegetables: Farah & Wallace, 1992; body parts: Goodglass 

& Wingfield, 1993; medical items and instruments: Crosson et al., 1997).  However, 

boundaries between categories are difficult to specify and the number of category 

modules in the brain is potentially unlimited.   
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The case-study literature is marked by discrepancies in the interpretation of 

category-specific language deficits, and studies with similar methodologies have reached 

diametrically opposed conclusions of semantic organization.  For instance, Caramazza 

and Shelton (1998) reported a case of a patient with a category-specific deficit for 

animals relative to other living things and artifacts.  The deficit cut across visual and 

verbal modalities and was not specific to visual (has a mouth) or functional (breathes) 

attributes.  Caramazza and Shelton (1998) concluded that conceptual knowledge is 

organized categorically in the brain according to the animate-inanimate distinction.  In a 

similar study, Hart and Gordon (1992) reported a category-specific deficit for animals 

with a selective impairment for visual properties restricted to the verbal domain.  They 

interpret this finding as not simply supporting the role of categorical information in 

semantic representation, but as evidence that the semantic system can be further 

fractionated according to modality of input/output and object attribute.  They concluded 

that the semantic system consists of at least two modality-specific representational 

systems: a language-based system that subserves verbal knowledge and a visual-based 

system that subserves visual knowledge.  They suggest that there are multiple divisions 

within the semantic system and that categorical information functions to facilitate 

knowledge of properties or attributes.  Of note, the etiology of the lesions in these two 

studies could have contributed substantially to the different behavioral presentations.  

Caramazza and Shelton’s patient suffered a left cerebral vascular accident resulting in 

encephlomalacia in the left posterior frontal and parietal lobes, whereas Hart and 

Gordon’s patient demonstrated bilateral temporal lobe pathology due to a paraneoplastic 

syndrome.    
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Although category-specific deficits constrain theories of semantic organization and 

support the notion that storage of semantic information is at least in part organized 

according to category domain, case studies are limited in their ability to interrogate the 

semantic system.  Since lesions result from various cerebral insults, including stroke, 

herpes simplex encephalitis, and temporal lobe epilepsy, they do not respect functional 

anatomic boundaries; this makes interpretation of the neuroanatomical substrates of 

semantic information difficult.  Also, it is difficult to determine whether the loss of 

category knowledge is due to loss of lesioned tissue or due to loss of connections with 

other cortical areas that may be responsible for maintaining semantic information.  Thus, 

debates over the organization of semantic representation are not resolvable with case 

studies since brain systems are variably damaged and result in diverse patterns of deficits.  

For this reason, case studies have not succeeded in delineating the basic structure of 

semantic knowledge that leads to category-specific deficits.  

A number of neuroimaging studies that have investigated the functional 

neuroanatomy of category specificity have reported differential activity according to 

category domain (Chao et al., 1999; Ishai et al., 1999; Martin et al., 1996; Moore & Price, 

1999).  Investigation of the neural substrates of category specificity for living and 

nonliving things has resulted in a relatively consistent pattern of category-related activity 

in the posterior cortex (Chao et al., 1999; Damasio et al., 1996; Ishai et al., 1999; Martin 

et al., 1996; Moore & Price, 1999; Thompson-Schill et al., 1999).  For instance, living 

things have been found to activate the left posterior superior temporal sulcus (for animals 

and faces, Chao et al., 1999), occipitotemporal sulcus (for faces, Ishai et al., 1999) and 

bilateral anterior temporal and right posterior middle temporal cortices (for animals and 

 



35 

fruits, Moore & Price, 1999).  In comparison, nonliving objects selectively activate the 

left middle temporal gyrus (Chao et al., 1999; Martin et al., 1996; Mummery et al., 1998), 

left posterior temporal cortex (Moore & Price, 1999) and a region in the inferior temporal 

gyrus (for chairs, Ishai et al., 1999).  In addition, tool naming is associated with left 

premotor activity (Martin et al., 1996).  However, there are also inconsistencies in reports 

of categorical activity.  For example, activity on the medial surface of the temporal lobe 

has been attributed to the representation of animals versus tools (Damasio et al., 1996), 

tools versus animals (Martin et al., 1996) and for nonliving versus living objects 

(Mummery et al., 1998).  These discrepant findings are likely due to methodological 

differences, such as method of neuroimaging used, sample size, analyses procedures, and 

baseline task employed (Cato et al., 2001).  In addition, this variability may be due to 

differences in power between studies; a category may reach threshold for one category 

one time and the other category at a different time.  Despite some discrepant findings for 

categorical organization, converging evidence indicates a reliable medial/lateral 

distinction in the fusiform gyrus for the representation of nonliving and living things, 

respectively, (Chao et al., 1999; Ishai et al., 1999).  That is, animals activate the lateral 

fusiform gyrus to a greater degree than tools, whereas tools activate the medial fusiform 

gyrus more than animals during multiple tasks, including viewing, delayed matched to 

sample, and naming visually presented line drawings.   

Although category-specific deficits and neuroimaging results provide evidence that 

category domain is an important dimension of the organization of semantic knowledge, 

interpretation of these findings is difficult due to methodological differences.  In addition, 

there is evidence that category domain is not the only dimension of semantic organization 

 



36 

and that a model of the semantic system based solely on categorical distinctions is an 

over-simplification of the structure of semantic representation. 

Evidence for the role of attributes  

An alternative interpretation of semantic organization proposes that attributes are 

the fundamental organizing dimension of semantic information (Carbonnel et al., 1997; 

Devlin et al., 1998; Farah & McClelland, 1991; Gonnerman et al., 1997; Moore & Price, 

1999; Mummery et al., 1998; Warrington & McCarthy, 1987; Warrington & Shallice, 

1984).  Attributes are features that distinguish members of categories from each other, 

and include visual form, function, human action, color, movement and emotional 

connotation.  Categories are thought to emerge from underlying semantic features that are 

distributed throughout the semantic system.  Thus, category-specific deficits can be 

explained as resulting from damage to these distributed semantic features.  Warrington 

and Shallice (1984) suggested that the essential difference between living and nonliving 

things may be the relative degree to which their defining attributes are respectively 

sensory or functional.  The sensory/functional theory claims that animals or living things 

are characterized more by their visual features, such as form and color, and implements 

or nonliving things are characterized by their function.  Proponents of the 

sensory/functional theory argue that semantic knowledge is organized into two 

subsystems: one that stores information about the visual characteristics of objects, and 

one that stores information about the uses of objects and other nonsensory properties.  

Farah and Wallace (1992) argue that living objects are more easily compromised because 

their form and function are disparate, versus implements whose form defines their 

function.  Thus, the loss of perceptual information about a living object renders the 

system unable to access the functional information via an alternate route.  
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Evidence for the role of attributes in the semantic system comes from case studies 

of patients that demonstrate impaired knowledge of attributes, such as functional 

knowledge (Laws et al., 1995; Sheridan & Humphreys, 1993) and visual perceptual 

features (Coltheart et al., 1998; De Renzi & Lucchelli, 1994; Gainotti & Silveri, 1996; 

Silveri & Gainotti, 1988) independent of modality of presentation.  Some reports of 

category-specific deficits have attributed the specificity of the semantic deficit to both 

categorical and attribute organization.  For example, Coltheart et al. (1998) reported a 

patient who demonstrated a selective deficit for visual perceptual knowledge that cut 

across living and nonliving categories.  Because the patient’s non-perceptual knowledge 

(e.g., knowledge of dangerousness) of objects was preserved, they interpret this finding to 

suggest two distinct subsystems in semantic memory, one containing information about 

the visual properties of objects and another containing information about non-perceptual 

properties.  In addition, a study that looked at naming in patients who had undergone a 

left anterior temporal lobectomy reported impaired knowledge for items characterized by 

human action (implements and human action verbs) (Lu et al., 2002).  Furthermore, 

information regarding object use or action appears to be stored in the premotor cortex as 

well, as evidenced by impairments in action knowledge following a lesion of the left 

premotor area (Damasio & Tranel, 1993).   

Recent functional neuroimaging studies have attempted to localize areas in the 

brain responsible for processing semantic attributes such as visual features, form, 

function, color, movement and emotional connotation.  It is generally thought that 

knowledge of sensory or motor attributes is stored in cortical regions proximal to the 

primary cortical sensory areas (i.e., primary visual area, primary motor area) involved in 
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the perception or mediation of these attributes (Crosson et. al., 1999).  Knowledge of 

motion associated with using objects has been localized to the left lateral and middle 

temporal cortex, and the ventral premotor area has been suggested as the site for stored 

knowledge of how objects are used (Beauchamp et al., 2003; Chao et al., 1999; Chao & 

Martin, 2000; Martin et al., 1995; Martin et al., 1996).  Selective activity for tools in the 

left ventral premotor cortex may be related to the retrieval of information about hand 

movements associated with the use of manipulable nonliving objects (Chao et al., 1999).  

Recently, a distinction among action words according to the body part used to execute the 

movement (e.g., lick-tongue, throw-arm, kick-leg) has been found in the premotor and 

motor cortex (Hauk et al., 2004; Pulvermüller, 2001; Pulvermüller et al., 2001).  Activity 

for action words that reference a body part is consistent with the topographical 

organization of the motor cortex.  In other words, the “face” area, known to be 

responsible for control of facial muscles, is activated during action words that reference 

the face, such as licking or eating.  Similarly, the “arm” area is activated during action 

words related to the use of the arm (i.e., throwing) and the “leg” area is activated during 

action words related to the use of the leg (i.e., kicking).  The discrete localization of areas 

in close proximity to each other in the premotor and motor cortex involved in semantic 

processing of action words indicates that a similar degree of specificity in distinguishing 

attributes is possible in other regions of the brain, such as the ventral visual stream.  

Similarly, knowledge of color is represented in the left inferior temporal, left frontal, and 

left posterior parietal cortices, in close proximity to the cortical regions that mediate 

perception of color (Chao & Martin, 1999; Martin et al., 1995;).  Recent functional 

imaging research conducted in our lab suggests that the semantic attribute, emotional 
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connotation, is independent of object category and is localized to the frontal pole and 

retrosplenial cortex (Cato et al., 2004).    

The majority of functional imaging studies that attempt to localize semantic 

attributes are faced with a conundrum; the attributes under investigation are confounded 

with object category.  To date, few studies have been designed to disentangle the 

contributions of attribute independent of category.  For instance, the fusiform gyrus has 

consistently been demonstrated to play a role in visual semantic information, and thus has 

been a region of interest of many functional imaging studies.  Specifically, categorical 

differentiation in the fusiform gyrus has been consistently reported, with a medial/lateral 

distinction between implements and animals, respectively (Chao et al., 1999).  Yet, this 

categorical distinction has been interpreted as evidence that the semantic system is 

organized according to attribute since attributes such as visual form and motion are also 

used to distinguish between tools and animals (Chao et al., 1999).  Unfortunately the 

design of the study did not assess the interaction of features with object category since 

the naming stimuli were divided on the basis of semantic category, not on the basis of 

semantic attribute, so conclusions that category-specific effects represent semantic 

organization by attribute are premature and not consistent with the data.  Ishai et al. 

(1999) found this categorical distinction in the fusiform gyrus for chairs, faces and 

houses.  However, they show support for a more distributed system in which there is a 

spread of activation for each category, such that one object type activates to some degree 

an area maximally activated for another category.  Based on these results, they suggest 

that this region of cortex represents information about object form, although this was not 
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directly tested, and explain these category effects as resulting from cortex specialized for 

different features that distinguish categories.   

There have been few attempts to investigate the interaction of category and 

semantic attribute.  Physical features, such as form, shape, and internal detail constitute a 

large portion of visual attributes that characterize an object.  Moore and Price (1999) 

identified distinct regions responsible for processing visual configuration and category 

domain by comparing complex and simple living and nonliving items.  They found both 

an attribute and category effect.  Specifically, the right occipitotemporal, fusiform and the 

medial extrastriate cortices were activated by multicomponent relative to simple shaped 

objects and bilateral anterior temporal and right posterior middle temporal cortices were 

activated for living objects (animals and fruits) (Moore & Price, 1999).  These results 

suggest a possible distinction in the ventral temporal cortex for semantic processing, 

whereby the anterior ventral temporal cortex is organized by category and the posterior 

ventral temporal cortex is organized by attribute.  However, this type of breakdown of the 

semantic system according to anterior and posterior specialization has not been 

systematically investigated.   

Kraut et al. (2002) recently reported a dissociation between attribute and category, 

in which both tools and fruits activated a similar region of the premotor cortex (BA 6/44).  

Since tools and fruits differ in terms of category domain (nonliving vs. living, 

respectively) the authors interpret activity in BA 6 to represent knowledge of attributes 

corresponding to the use of the objects, since both tools and fruits are manipulable.  

However, since this task did not include a motor baseline task to control for the button 

response in the categorization task, the extent to which this activity reflects preparation to 
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respond using the button press is unknown.  In addition, my master’s thesis (Wierenga, 

2001) identified a dissociation between category and visual attribute in the fusiform gyrus 

in younger adults during a naming task similar to the one used by Chao et al. (1999).  

Results suggest an anterior/posterior distinction in the fusiform gyrus for processing 

category and visual attributes, respectively.  The right posterior fusiform gyrus was 

activated for both animals and vehicles, thought to be identified by global form, whereas 

the left posterior fusiform gyrus was activated by tools, thought to be identified by their 

local details.  In contrast, a categorical distinction between living and nonliving items 

was seen in the anterior fusiform gyrus, similar to that reported by Chao et al. (1999).  

Consistent with previous findings, animals activated a region of the lateral fusiform gyrus 

whereas vehicles and tools activated a medial region of the fusiform gyrus bilaterally.   

The majority of functional imaging studies have investigated attributes associated 

with categories, rather than assessing attributes independent of category.  In order to 

conclude that the semantic system is organized according to attribute, the effects of 

category and attribute must be disentangled.  This can be accomplished by juxtaposing 

category against attribute.  The current study experimentally pits the category specific 

hypothesis against the attribute hypothesis by manipulating category and attribute to 

extricate their effects in the anterior and posterior fusiform gyrus. 

Evidence for the role of modality  

Semantic knowledge may divide along the modality by which the information is 

processed or analyzed.  The semantic system has traditionally been thought to be 

organized according to two primary subsystems based on modality of input.  The visual 

semantic system subserves meaning pertaining to objects and events that are viewed, and 

the verbal semantic system concerns meaning that is distinctly related to language 
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(Paivio, 1971, 1986; Warrington & Shallice, 1984).  Arguments for a modality-specific 

semantic system are supported by evidence that semantic information can be 

independently accessed from visual or auditory input.  However, this model also assumes 

that the modality-specific subsystems are connected in some form to allow for the 

integration of visual and verbal semantic information.  The interaction of category-

specific and modality-specific deficits demonstrated in patients with category-specific 

impairments constrained to the verbal or visual modality provides support for the 

distinction between visual and verbal semantic systems (Hart & Gordon, 1992; 

Warrington & McCarthy, 1994; Warrington & Shallice, 1984) and is concordant with the 

neuroanatomical substrates underlying visual and auditory processing in the brain (Chao 

et al., 1999; Ishai et al., 1999).  In particular, case studies have reported patients with an 

impairment for animals confined to the verbal modality (McCarthy & Warrington, 1988), 

a category-specific deficit for the visual characteristics of animals when assessed through 

the verbal system (Hart & Gordon, 1992), and an impairment for artifacts and body parts 

presented visually (Sacchett & Humphreys, 1992).  Further evidence for a separation 

between the verbal and visual semantic system was presented in a patient with a 

category-specific visual agnosia (characterized by the inability to assign meaning to 

visually presented stimuli) for nonliving objects (Warrington & McCarthy, 1994).  

Localization of semantic information according to modality has typically been 

assumed to correspond to cortices primarily responsible for processing auditory or visual 

information, i.e., the auditory and visual cortices.  However, some evidence suggests that 

localization of auditory/verbal and visual information must be proximal in the brain to 

account for category-specific deficits that involve both modalities (Cato et al., 2001; 
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Crosson et al., 2000).  Arguments against the localization of modality suggest that visual 

and verbal modality share a similar neural network, as demonstrated by a lack of 

differences in neural substrates of semantic processing involving verbal and visual 

information (Vandenberghe et al., 1996).  However, often modality of input and modality 

of attribute are confounded, which contributes to the challenge of localization of 

modality.  For example, although Vandenberghe et al. (1996) attempted to differentiate 

between visual and verbal modalities, his stimuli (pictures and words) were presented 

visually.  Similarly, Thompson-Schill et al. (1999) attempted to examine visual attributes 

using auditory input.  Further research needs to be conducted to disentangle the 

contribution of attribute and modality in an attempt to localize semantic modality.  

However, modality-specific disorders including the agnosias, support the notion that 

modality of processing semantic information is also an important dimension of semantic 

organization. 

In summary, although lesion and functional imaging studies may draw disparate 

conclusions regarding the semantic system, it is clear that category, attribute and 

modality are important dimensions in the organization of semantic information.  

Nevertheless, the independent contribution and the effects of the interactions between 

these organizing factors have not yet been fully determined.  A resolution between 

modular and distributed models of semantic memory may provide a more sufficient 

account of the relative importance of category, attribute, and modality in the organization 

of the semantic system.  For example, information may be stored in modules but within 

these modules semantic information pertaining to category, attributes, or modality  

distributed and weighted.  Thus, activity within modules and communication between 
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modules may occur in a manner consistent with parallel distributed or computational 

processing. 

The Matrix Theory  

Recently, the matrix theory was proposed to reconcile the discrepant findings from 

category-, attribute- and modality-specific naming deficits (Crosson et al., 2000) and 

integrate models of semantic organization.  According to this theory, the semantic system 

resembles a matrix that includes the modality in which information is processed (i.e., 

visual vs. verbal), attributes relevant to identifying objects (e.g., shape, color, emotional 

connotation), and the semantic category of objects (e.g., living vs. nonliving), see Figure 

3-2.  Each of these semantic characteristics is thought to have specific neural substrates 

that can be identified from unique patterns of activity with functional imaging.  In 

accordance with the previous literature (Hart & Gordon, 1992; McCarthy & Warrington, 

1988; Warrington & McCarthy, 1994; Warrington & Shallice, 1984), the matrix theory 

recognizes that the semantic system can be divided according to modality of processing 

(visual vs. verbal) and that these two dissociable systems are most easily accessed by 

their corresponding input modality.  In order to account for Hart and Gordon’s (1992) 

patient who could not access visual information when using the verbal modality, the 

matrix theory asserts that categorical information cuts across these modalities.  

Furthermore, Crosson et al. (2000) acknowledged the importance of sensory and 

functional attributes in conceptual processing, and propose that other attributes, such as 

emotional connotation, visual form, and motoric action may be important in semantic 

organization.  Such attributes become associated with representations of conceptual 

information in both the visual and verbal modalities.  The categorical division results 

from common defining attributes.  In order to process multiple defining attributes, 
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convergence of information streams in the brain must occur.  The matrix theory posits 

that attributes are incorporated into the object representation in the temporal lobe via 

converging input from cortical and limbic structures in a manner that is not random.  The 

placement of categorical information is driven by the convergence of the incoming 

information streams (consisting of attributes) that are most salient for distinguishing a 

class of items.  The categorical division along the temporal lobe emerges as common 

defining attributes cluster based on inputs to heteromodal cortex, reminiscent of 

computational models of semantic organization.  Figure 3-2 illustrates that category 

knowledge is represented in the verbal and visual modalities and that the relative 

contribution of attributes differs by modality and category. 

 
Figure 3-2. Depiction of the matrix theory. 
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Semantic Processing in the Ventral Visual Stream 

The ventral temporal cortex has been implicated in processing visual attributes 

during object identification (Chao et al., 1999; Ishai et al., 1999) and is an area of interest 

in the current study.  Specifically, the ventral visual stream has been identified as 

responsible for determining "what" an object is (Ungerleider & Mishkin, 1982).  The role 

of the inferior temporal cortex in feature processing and object identification is supported 

by evidence that damage to regions in the ventral visual stream results in associative 

agnosia (an inability to recognize objects, despite an apparent perception of the object), 

prosopagnosia (an inability to recognize familiar faces), and achromatopsia (color 

blindness).  In order to make specific predictions about the organization of the visual 

semantic system, particularly regarding areas activated by vehicles, tools, and animals, it 

is necessary to understand how the brain processes visual information.  Although visual 

processing is relatively well understood based on work in animal models, semantic 

processing in the visual ventral stream is not as well defined because study in nonverbal 

species is difficult.  

The occipitotemporal pathway, or ventral visual stream, extends from the striate 

cortex along the course of the inferior longitudinal fasciculus to the anterior part of the 

inferior temporal cortex (area TE) and is involved in object identification (Mishkin et al., 

1983; Ungerleider & Haxby, 1994), see Figure 3-3.  The occipotemporal pathway also 

has connections to the limbic system and the frontal lobes, enabling associations between 

vision and emotion or motor movements (Mishkin et al., 1983).  The ventral visual 

stream only receives visual input and thus remains modality-specific throughout its 

course, implicating this area in picture or visual object identification.  Visual information 

is processed in a hierarchical fashion within the ventral visual stream (Mishkin et al., 
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1983; Ungerleider & Haxby, 1994; Ungerleider & Mishkin, 1982).  Studies of the 

primate visual system in the macaque reveal a multitude of visual processors and 

pathways interconnecting cortical visual areas (e.g., Van Essen et al., 1992).  Through 

successive stages of processing, low-level visual information from the retina is processed 

for identification and transformed into useful representations and assigned meaning 

(Mishkin et al., 1983).  As information proceeds through the occipitotemporal pathway, 

neuronal responses become increasingly complex.  Early in the ventral visual stream cells 

function to identify contours or distinguish the object from the background, and cells 

progressively respond to more of the object's physical properties, such as color, size, and 

texture.  Cells in the inferior temporal cortex selectively respond to global or overall 

object features, such as form and faces and integrate the information into a complete 

representation of the object (Ungerleider & Haxby, 1994).  The synthesis of the physical 

properties of an object occurs in area TE, which is thought to store object representations 

and is involved in object recognition (Mishkin et al., 1983).  Therefore, relatively early in 

visual processing, properties such as color, size, and texture are processed, followed by 

visual form, and eventually object recognition occurs within the more anterior portions of 

the ventral visual stream (Mishkin et al., 1983; Ungerleider & Haxby, 1994).  

 
Figure 3-3. The ventral visual stream of the macaque (modified from Ungerleider & 

Haxby, 1994). 
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A major component of the ventral visual stream is the fusiform gyrus, an elongated 

structure starting about 3 cm posterior to the temporal pole and running roughly 8 cm 

posteriorly, nearly to the occipital pole.  The fusiform gyrus is the structure in which 

Chao et al. (1999) and Ishai et al. (1999) have found a medial vs. lateral localization for 

nonliving vs. living things, respectively.  Yet, there remains a lack of agreement 

regarding the function of the fusiform gyrus in the semantic network.  One view argues 

that the fusiform gyrus is primarily involved in low level perceptual processing of 

attributes, such as color perception, shape analysis, and object form (Kanwisher, 1997; 

Malech et al., 1995).  An alternative view is that the fusiform gyrus is responsible for 

higher level visual perceptual semantic processing and object identification according to 

category domain (Chao & Martin, 1999; Murtha et al., 1999; Thompson-Schill, 1999).  

The aim of the present study is to elucidate the role of the fusiform gyrus in visual 

semantic processing.  The implication of the hierarchical nature of object identification 

for semantic processing within the ventral visual stream is simple: attributes such as 

color, size, texture, and form are likely to be processed in the more posterior regions of 

this processing stream, i.e., fusiform gyrus.  Since category is closely related to the actual 

identification of objects, category is likely to be processed in the more anterior portion of 

the ventral visual stream, i.e., fusiform gyrus.  

Global and Local Features 

An additional characteristic in processing visual form in the human ventral cortex 

must be introduced at this point.  The distinction between local and global features is 

important in visual processing of pictures, particularly when investigating the role of 

visual attributes in the organization of semantic information.  Global visual attributes 

refer to the basic shape of an object (e.g., an object's outline); local visual attributes refer 
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to the smaller details of an object's visual features that comprise the larger configuration.  

For example, an airplane can be recognized by its outline or global form, but airplanes 

also have local features such as windows, doors, etc.  Evidence suggests that global 

visual features are processed in the ventral visual stream of the right hemisphere and local 

visual features are processed in the ventral visual stream of the left hemisphere (Delis et 

al., 1992; Doyen & Milner, 1991).  In addition, Navon’s (1977) global precedence 

hypothesis posits that the global level is processed before the local level, consistent with 

the hierarchical processing of information in the visual system.  Navon (1977) reported 

that individuals responded faster to global than local features, and that incongruent global 

information interfered with local processing, but not vice versa.  Recent 

electrophysiological and neuroimaging studies of global/local feature analysis 

investigating temporal stages and lateralized differences between global and local 

processing support a global precedence effect (Han et al., 2000; Tanaka et al., 2000), a 

right hemisphere bias for global features and a left hemisphere bias for local features at 

early stages of processing (Evans et al., 2000; Fink et al., 1997), and an interaction 

between spatial attention and hierarchical analysis (Fink et al., 1997; Han et al., 2000).  

Results of my master’s thesis (Wierenga, 2001) suggest that visual processing of global 

and local features is involved in semantic processing of line drawings and leads to 

hemispheric differences in functional activity during confrontation naming of different 

categories of objects according to the characteristic physical features of members in a 

category.  Specifically, the right posterior fusiform gyrus was activated during processing 

of animals and vehicles, which are characterized by their global form.  Conversely, the 
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left posterior fusiform gyrus was activated during processing of implements, which are 

characterized by local details.   

Convergent evidence for the global/local distinction is found in the patient 

literature.  Patient studies have investigated visuospatial abilities in patients with focal 

brain lesions and diffuse brain disease and report dissociations in global/local feature 

processing (Delis et al., 1988; Delis et al., 1992; Doyen & Milner, 1991; Massman et al., 

1993).  Individuals with right hemisphere damage demonstrated selective impairment in 

processing the global level of stimuli whereas individuals with left hemisphere damage 

demonstrated poor performance in processing the local level of stimuli (Delis et al., 

1992).  Doyen and Milner (1991) found that patients with left temporal lobe lesions were 

less affected by interference from global features, supporting the role of the right 

temporal cortex in global processing of visual information. 

Retrieval of Semantic Knowledge 

Since aging may differentially implicate representation of semantic information and 

the retrieval of words from semantic stores, attention must also be paid to the 

mechanisms underlying retrieval of semantic knowledge, which are dependent on frontal 

lobe structures (Raymer & Rothi, 2000).  Regions of the left lateral and medial prefrontal 

cortex are recruited during retrieval of semantic information (Binder et al., 1997; 

Demonet et al., 1992; Vandenberghe et al., 1996).  However, there is current debate 

regarding the specific role of the frontal lobes in accessing semantic information, 

particularly concerning the role of the left inferior frontal gyrus.   

Several roles of semantic processing have been attributed to the left lateral inferior 

prefrontal cortex, including semantic analysis, effortful retrieval, maintenance, and/or 

control of semantic information (Fiez, 1997).  Support for semantic analysis is provided 
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by evidence of left inferior prefrontal cortex activity during tasks that involve several 

possible responses such as verb generation or word stem completion tasks (Gabrieli et al, 

1998; Petersen et al., 1988).  Decreased activity in the left prefrontal cortex associated 

with semantic priming has also been interpreted to suggest that this region is involved in 

semantic analysis (Gabrieli et al., 1996).  Grabowski et al. (1998) reported activity of the 

left inferior frontal gyrus during a naming task of animals, tools, and faces.  Since no 

categorical differentiation was noted, they interpreted these results as evidence of general 

semantic retrieval.  Gabrieli et al. (1998) suggest that left prefrontal activity during 

semantic tasks represents semantic working memory and hypothesize that left inferior 

prefrontal activity reflects the degree to which semantic information must be held 

temporarily in working memory to perform a particular task.  They argue that this theory 

is consistent with evidence of increased left prefrontal activity during tasks that require a 

greater amount, longer duration, or more selection of semantic information.  

Left inferior frontal activity in low constraint tasks (verb generation and stem 

completion) involving high selection demands provides support for the role of this region 

in semantic selection (Barch et al., 2000; Gabrieli et al., 1998).  Thompson-Schill et al. 

(1997) argue that the left inferior frontal gyrus (LIFG) is involved in selection of some 

relevant feature of semantic knowledge from a set of competing alternatives rather than 

semantic retrieval per se.  Accordingly, they suggest that the degree of activity of the 

LIFG during retrieval of semantic information is modulated by the selection demands of 

the semantic task, such that greater LIFG activity is associated with greater selection 

demands.  In response to Thompson-Schill et al.’s (1997) theory of selection of relevant 

semantic features, Wagner et al (2001) suggested that the role of LIFG in semantic 
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processing involves controlled semantic retrieval, consistent with the prefrontal cortex’s 

role in cognitive control.  The left inferior prefrontal cortex is assumed to guide recovery 

of semantic knowledge in situations when prepotent or automatic responses are not 

appropriate to the task demands.  Thus, Wagner et al. (2001) suggest that the left inferior 

prefrontal cortex may be involved in semantic retrieval even when selection against 

competing responses is not required.  Wagner et al. (1999) attempted to investigate 

controlled semantic retrieval in a low-selection task similar to that used by Thompson-

Schill et al. (1997), but they varied the associative strength between cue and correct 

target.  Findings support the role of the anterior and ventral extent of the left inferior 

prefrontal cortex in controlled semantic retrieval.  In addition, greater left inferior 

prefrontal activity was demonstrated as semantic retrieval demands increased (4 vs. 2 

targets).  However, target stimuli included both concrete and abstract words, which differ 

in imageability and thus add a confounding variable to this study.   

The medial frontal cortex may also be of interest when examining semantic 

processing, since this region plays a role in initiating spontaneous language production 

(Crosson et al., 1999; Damasio & Anderson, 1993).  In particular, the pre-supplementary 

and supplementary motor areas (pre-SMA/SMA) are involved in internally generated 

language.  There is evidence of a medial/lateral distinction in terms of internally versus 

externally guided language, respectively.  Pre-SMA is more involved in internally guided 

word generation whereas the inferior frontal sulcus is more involved in externally guided 

word generation (Crosson et al., 2001).  More specifically, evidence suggests that the 

anterior cingulate cortex (pre-SMA) evaluates the demand or need for cognitive control 

by monitoring for the occurrence of response conflict in language generation (Barch et 
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al., 2000; Carter et al., 2000; MacDonald et al., 2000).  Findings that the anterior 

cingulate cortex and left inferior frontal cortex are more active during tasks with high 

conflict are consistent with previous studies that demonstrate the involvement of the 

anterior cingulate cortex in low constraint tasks (Barch et al., 2000; Carter et al., 2000; 

Thompson-Schill et al., 1997).  However, the anterior cingulate cortex was the only 

region identified that responded more to weak- as compared to strong-verb associates.  

Production of a weak- over a strong-verb associate is thought to elicit more competition 

between alternative responses and does not involve automatic processing.  In addition, 

Barch et al. (2000) report an interaction between noun type (high vs. low constraint) and 

verb response (weak- vs. strong-associate) seen only in the anterior cingulate cortex, 

which suggests that the degree of conflict elicited by the production of weak-verb 

associates is modulated by the relative constraint of the associated noun.  Taken together, 

these findings support the role of the anterior cingulate cortex in evaluation of conflict 

monitoring.   

Lastly, it must be noted that the basal ganglia and thalamus also play a role in 

semantic processing, particularly in the initiation of search strategies to retrieve lexical 

items.  Recent evidence suggests that the left pre-SMA-dorsal caudate nucleus-ventral 

anterior thalamic loop is involved in semantic word generation and plays a role in 

determining the likelihood that a particular response will be made (Crosson et al, 2003).  

This is consistent with the role of pre-SMA in conflict monitoring and in internally 

guided word generation (Barch et al., 2000; Crosson et al, 2001). 

In summary, recent findings of the involvement of the LIFG in semantic processing 

clearly demonstrate that this region is involved in retrieval or access of semantic 
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information.  However, the exact characterization of the role of this region is still not 

clear, in part due to the difficulty of differentiating between processes involved in 

semantic access.  For example, retrieval of semantic information likely involves a 

strategic search of semantic stores and selection among alternative responses.  Definitions 

of constructs such as cognitive control and selection remain elusive and are 

operationalized differently across studies (Thompson-Schill et al., 1997; Wagner et al., 

2001).  Medial prefrontal regions are involved in initiation of internally guided language 

generation and conflict monitoring.  A complete analysis of strategic processes involved 

in accessing semantic information includes the interaction between medial and lateral 

regions of the left prefrontal cortex.  Further research is needed to determine whether 

these neural substrates of executive language functions change with age. 

 

 



 

CHAPTER 4 
HYPOTHESES 

Hypothesis 1 

Older adults will show an increase in activity relative to younger adults in medial 

and/or lateral frontal regions of the left hemisphere during the naming task.  Based on 

the existing literature, we hypothesize that healthy older adults will show more activity 

where mechanisms are impaired to compensate for reductions in efficiency.  

Accordingly, if word retrieval difficulties stem from problems with executive functions 

of language, then we expect increased activity in the frontal regions related to these 

functions.  Medial frontal structures, especially those at the border of pre-SMA and the 

rostral cingulate zone, are involved in initiation of language and monitoring conflict 

between competing responses (Barch et al., 2000; Carter et al., 2000; Crosson et al., 

1999).  Lateral frontal cortex, including the inferior frontal gyrus and cortex along the 

inferior frontal sulcus, is involved in selection and execution of a semantic response 

appropriate to internal and external constraints (Crosson et al., 2003; Crosson et al., 1999; 

Thompson-Schill et al., 1997; Wagner et al., 2001).  Thus, a difference in level or extent 

of activity for older vs. younger persons in either medial or lateral frontal structures 

would indicate a change in the neural substrates for executive functions.  If such changes 

in frontal activity are seen in older compared to younger persons, it would indicate that 

future studies should focus on manipulating the implicated functions to firmly establish 

the precise functional-structural relationship accounting for word-finding difficulty in 

older persons. 
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Hypothesis 2 

An alternative hypothesis to Hypothesis 1 is that activity for older participants will 

be significantly less lateralized in the posterior fusiform gyrus and/or more diffuse in the 

anterior fusiform gyrus, characterized by less medial vs. lateral distinction, than for 

younger persons.  If word retrieval difficulties result from the deterioration of 

information in lexical-semantic stores, we expect differences in the pattern of activity in 

the temporal lobe during confrontation naming in younger and older adults.  Potential 

changes in the temporal lobe are somewhat more complicated than for the frontal lobe.  It 

is expected that in an intact semantic system in the posterior inferior temporal cortex 

(feature-based cortex), lateralization of processing for semantic categories will be based 

upon the degree to which processing of global (right hemisphere) vs. local (left 

hemisphere) visual information is necessary in identification of objects within the 

category.  In the anterior fusiform gyrus, medial vs. lateral activity bilaterally will be 

determined by the distinction of living vs. nonliving things (see Hypothesis 3).  Activity 

from cognitive processes can become more diffuse and less lateralized with aging 

(Cabeza, 2001).  If semantic substrates in the inferior temporal lobe become less efficient 

with aging, then during confrontation naming, we might expect to see either a breakdown 

in lateralization of processing for global and local features in the posterior fusiform gyrus 

and/or broad activity within the anterior fusiform gyrus without respect to whether items 

are living or nonliving things.  

Hypothesis 3 

Based on findings from my master’s thesis, we expect to find neural activity in the 

temporal lobe indicative of both attribute and category (Wierenga, 2001).  More 

specifically, we expect a double dissociation between processing of visual-semantic 
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features in the posterior portion of the fusiform gyrus and processing of categories in the 

anterior portion of the fusiform gyrus in younger adults.  In addition, it is likely that 

global and local visual attributes will place greater processing demands on different 

hemispheres.  Therefore, we expect that visual attributes are processed in the posterior 

portion of the fusiform gyrus, and lateralization of processing for semantic categories will 

be based upon the degree to which processing of global (right hemisphere) vs. local (left 

hemisphere) visual information is necessary to distinguish between objects within the 

category.  This right/left dissociation is consistent with the literature on processing of 

global and local features (Delis et al., 1992; Doyen & Milner, 1991; Fink et al., 1997).  

However, in the anterior portion of the fusiform gyrus where object identification is 

performed, we expect a categorical distinction; living things will activate the lateral 

anterior fusiform gyrus and nonliving things will activate the medial fusiform gyrus 

consistent with previous reports (Chao et al., 1999; Ishai et al., 1999).  

We expect to demonstrate this dissociation between the posterior and anterior 

fusiform gyrus in the way that vehicles are processed (according to attribute or category). 

Vehicles are members of the superordinate category of nonliving things but share a visual 

feature with living things.  Specifically, both animals and vehicles are identified on the 

basis of global form in contrast to implements, which are distinguished by local features.  

Note that in the inferior temporal cortex, tools and vehicles should cluster together in the 

anterior portions of this region (similar category) but animals and vehicles should cluster 

together in the posterior portion of this region (similar features).  Kraut et al. (2002) 

report a similar dissociation between attribute and category in the premotor cortex.  They 

found that tools, which are nonliving things, and fruits, which are living things, shared an 
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area of activity in the premotor cortex because both kinds of items are manipulable.  In 

other words, Kraut et al. (2002) found that processing specific items from living and 

nonliving categories activated the neural substrate for a common feature.  We expect that 

these distinctions in the inferior temporal cortex can be applied to both younger and older 

participants, though the degree to which they can be applied will depend on the origin of 

the naming problems in older adults.  More specifically, the hypotheses are: 

Hypothesis 3a 

In the right posterior fusiform gyrus, processing of both animals and vehicles will 

evoke significantly greater activity than processing of tools because identification of 

animals and vehicles, but not tools, is based on processing of global visual form. 

Hypothesis 3b  

In the left posterior fusiform gyrus, processing of tools will evoke significantly 

greater activity than processing of animals and vehicles because identification of tools, 

but not animals or vehicles, is based on processing of local visual details. 

Hypothesis 3c  

In the anterior fusiform gyrus bilaterally, animals will activate the lateral portion 

of the fusiform gyrus more than tools or vehicles because animals, but not tools or 

vehicles, are living things. 

Hypothesis 3d  

In the anterior fusiform gyrus bilaterally, both tools and vehicles will activate the 

medial portion of the fusiform gyrus more than animals because tools and vehicles, but 

not animals, are nonliving things. 

 

 



 

CHAPTER 5 
PILOT STUDY  

Participants 

Twenty (5 male, 15 female) healthy young adults (age = 21-30 years, M = 24.6 

years; education M = 16.9 years) with normal or corrected-to-normal vision participated 

in the pilot study.  All participants were native English speakers who were recruited from 

the University of Florida faculty, staff, and students and from the Gainesville, Florida 

community.  All participants were strongly right-handed (Edinburgh Handedness 

Inventory, Oldfield, 1971).  Informed consent was obtained from participants according 

to guidelines established by the Health Science Center Institutional Review Board at the 

University of Florida. 

Experimental Design and Task 

The pilot study examined the interaction of category and visual attributes in 

semantic organization by investigating semantic category identification as a function of 

parametric spatial frequency content (Wierenga et al., 2003).  Spatial frequency content, a 

primary perceptual feature for recognizing objects, has been found to differentially 

contribute to category identification (Vannucci et al., 2001).  Low spatial frequency 

content refers to the course form or contour of an object’s shape; it is similar to global 

form.  High spatial frequency content refers to the fine internal details of objects, similar 

to local visual information.  The spatial frequency of pictures of objects can be 

manipulated to preserve global form while varying the amount of local details.  This is 

done by parametrically removing high spatial frequency information from the images.  
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Therefore, this technique allows us to investigate the degree to which global and local 

visual attributes contribute to the identification of animals, tools and vehicles.  

Specifically, we can test our assumption that vehicles and animals are similar because 

they both rely on global form for identification, whereas tools are different because local 

details are necessary for identification.  We hypothesized that both animals and vehicles 

are identified by low spatial frequency information (course form or contour) whereas 

tools require more high spatial frequency information (details) for identification. 

Stimuli 

75 gray-scale photographs of real-life objects belonging to animals, tools, and 

vehicles (25 photographs/category) were included.  Photographs were equated for size 

and items in the three categories were balanced for familiarity and frequency in the 

English language (Coltheart, 1981; Kucera & Francis, 1967).  Each photograph was 

spatially filtered at 9 levels by removing high spatial frequency content (i.e., details) from 

the original image using the Gaussian Blur filter (Adobe Photoshop 7.0) in increments of 

3 pixels.  For example, the 9th level of filtering corresponds to a blur radius of 27 pixels 

and the 3rd level of filtering corresponds to a blur radius of 9 pixels.  Each stimulus was 

presented in canonical orientation at the center of the computer monitor. 

Design and Task 

Each photograph was presented for 200 ms at 10 resolution levels (9 filtered plus 

original) of high-frequency spatial filtering in ascending order (by adding high spatial 

frequency content) (see Figure 5-1).  The presentation order of the objects was 

randomized for each participant.  A training phase preceded the experimental phase in 

which different photographs were used.  Participants were instructed to press one of two 

buttons according to whether they identified the object or not.  After the identification 
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response, subjects were asked to name the object and were given feedback on their 

naming accuracy for each object. 

 
Figure 5-1. Schemata of an ascending sequence of 9 filtering levels of a stimulus in each 

category for the pilot study. 

Results 

A threshold value was established for each object per subject according to the level 

of spatial filtering at which the item was initially correctly identified.  Reaction times 

were recorded for the initial correct response for each item.  A repeated-measures 

ANOVA was conducted on threshold values for category at 3 levels (animals, tools, 

vehicles).  A significant effect for category was found [F(2,38)=81.54, p = .000].  

Planned contrasts revealed that each category differed significantly from the other two 

categories, indicating that identification of the three categories is differentially affected 

by spatial frequency content.  Identification of animals required less high spatial 
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frequency information (details, internal elements) than tools [t(19) = 10.52, p = .000] and 

vehicles [t(19) = 8.37, p = .000] for identification.  In contrast, tools required a greater 

amount of high spatial frequency content than vehicles [t(19) = -5.71, p = .000] for 

identification.  Taken together, findings suggest that vehicles were intermediate between 

animals and tools in the amount of local detail required for identification (Figure 5-2).  

Based on total percent accuracy at each filtering level for each category, animals and 

vehicles were identified earlier (at resolution levels of less high spatial frequency content) 

than tools (Figure 5-3). 

 
Figure 5-2. Average threshold level of spatial filtering for identification of animals, tools, 

and vehicles. 

 
Figure 5-3. Percentage of correct responses for animals, tools, and vehicles at each level 

of spatial filtering. 
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A repeated-measures ANOVA was conducted on reaction time for initial correct 

response for category at 3 levels (animals, tools, vehicles).  No significant effect for 

category was found [F(2,38) = .64, p = .532].  Based on reaction time, results suggest that 

the three categories did not differ in terms of level of difficulty in identification of objects 

and support the role of spatial frequency content in category identification. 

Results of the pilot study indicate that identification of animals, tools, and vehicles 

is differentially affected by spatial frequency content.  This finding suggests that the 

contribution of global form vs. local detail to the recognition of objects differs by 

semantic category.  Differences between categories indicate that perceptual (visual) 

features have an important role in semantic processing.  Current results form a basis with 

which to examine the neural substrates of semantic information in regards to the 

dimensions of category and visual attributes.  Specifically, the results informed our 

selection of stimuli to be used in the FMRI experiment and enabled us to experimentally 

manipulate the categories to equate animals and vehicles according to global detail 

necessary for identification in contrast to tools. 

 



 

CHAPTER 6 
METHODS 

Participants 

Twenty (10 male, 10 female) neurologically normal young adults (age 20-34 years, 

M = 25.1 years, education M = 15.85 years) and twenty (10 male, 10 female) 

neurologically normal older adults (age 68-84 years, M = 74.9 years, education M = 

15.65 years) participated.  The age range for older adults was chosen based on evidence 

that impairments in word retrieval become more pronounced in the seventh decade (Ivnik 

et al., 1996).  Older and younger participants did not differ significantly according to 

level of education, [t(38) = -.28, p = .779] (see Table 6-1).  All participants were native 

English speakers who were recruited from the University of Florida faculty, staff, and 

students, the Malcom Randall VAMC and from the Gainesville, Florida community.  All 

participants were strongly right-handed (Edinburgh Handedness Inventory, Oldfield, 

1971).  Potential participants were excluded if they reported a history of neurological 

disease, dementia or mild cognitive impairment, cardiovascular disease, uncontrolled 

hypertension, Diagnostic and Statistical Manual of Mental Disorders-Fourth Edition Axis 

1 diagnosis, learning disability, attention deficit disorder, substance abuse, or poor visual 

acuity.  In addition, participants were excluded if they had a cardiac pacemaker, metal 

implants, metal aneurysm clips, or metal in their body other than dental fillings, or if they 

were taking psychoactive prescription medications.  Female participants were excluded if 

they were pregnant or trying to become pregnant.  Current medications were recorded for 

each participant.  Participants were instructed to abstain from caffeine the day of the scan.  
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Informed consent was obtained from participants according to guidelines established by 

the Health Science Center Institutional Review Board at the University of Florida.  

Participants were paid $25 for participation.  

Table 6-1. Demographic Variables for Younger and Older Adults. 
Younger Adults 

(n=20) 
 Older Adults 

(n=20) 
 
 
Demographics M SD  M SD 
     Age 25.10 (4.23)  74.85 (4.55) 
     Education 15.85 (2.03)  15.65 (2.43) 
     Gender (women/men) 10/10  10/10 

 
Although data will only be reported on the 40 subjects mentioned above, 57 

participants were enrolled in the study.  However, seven participants were excluded from 

the FMRI experiment on the basis of neuropsychological testing performance that 

suggested the presence of mild cognitive impairment.  Of the 50 participants that 

underwent FMRI, data from 10 participants were excluded due to motion or susceptibility 

artifact or poor image quality. 

Experimental Design and Tasks 

Dementia Screening 

Prior to being enrolled in the FMRI study, participants completed a few brief 

cognitive tests to establish the presence or absence of dementia or mild cognitive 

impairment.  Mild cognitive impairment (MCI) refers to a transitional state between the 

cognitive changes of normal aging and Alzheimer’s disease (AD), in which individuals 

experience memory loss to a greater degree than normal for their age but do not meet 

criteria for clinically probable AD (Petersen et al., 2001).  MCI is a precursor to 

pathological aging and is a high-risk condition for the development of clinically probable 

AD.  Individuals with MCI progress to clinically probable AD at an accelerated rate 
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compared to healthy age-matched individuals.  Criteria for MCI include: memory 

complaint, preferably corroborated by an informant, impaired memory function for age 

and education, preserved general cognitive functioning, intact activities of daily living, 

and not meeting criteria for dementia (Petersen et al., 2001). 

The Mini-Mental State Exam (MMSE) was administered to assess for the 

presence of general cognitive impairments, and individuals who scored below 27 out of 

30 were excluded from the study (Folstein et al., 1975).  The MMSE is a brief test that 

screens for cognitive impairment and has been found to be sensitive to the presence of 

dementia.  It consists of a variety of items that assess orientation to time and place, 

attention and concentration, language, constructional ability, and immediate and delayed 

recall (Spreen & Strauss, 1998).   

In order to assess memory function, the Hopkins Verbal Learning Test (HVLT) 

was administered.  The HVLT is a brief verbal list learning test that assesses verbal 

memory and learning (Shapiro et al., 1999).  It consists of a list of 12 nouns with four 

words drawn from each of three semantic categories.  The test involves three learning 

trials, in which the examiner reads the word list and the examinee responds with as many 

words as possible from immediate memory, a delayed recall trial and a recognition trial.  

Individuals who obtain a Total recall score (trials 1-3) of less than 15 were excluded from 

the study, based on reports that using a cut-off score of 14.5 for Total recall resulted in 

87% sensitivity and 98% specificity for dementia (Hogervorst et al., 2002). 

Assessment of Language 

Several neuropsychological tests were administered to each participant to assess 

naming, executive functions of language, and semantic processing.  These tests included 

the Boston Naming Test (BNT), the Delis-Kaplan Executive Functions System (D-
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KEFS) Verbal Fluency Test, the Test of Language Competence (TOLC-E) Ambiguous 

Sentences subtest, and the Pyramids and Palm Trees Test.  These tests were chosen to 

examine semantic and executive language functions of the participants and to determine 

whether group differences exist in these domains independent of neuroimaging results.   

Boston Naming Test (BNT).  The Boston Naming Test is a 60-item test that 

examines naming ability (Kaplan et al., 1983).  It consists of 60 line drawings ranging 

from simple, high-frequency words to rare words, although the majority of items are low-

frequency words.  Line drawings are presented one at a time.  Participants are instructed 

to name each picture and may be prompted by a phonemic or semantic cue.  

Verbal Fluency Test from the Delis-Kaplan Executive Function System (D-KEFS).  

The Delis-Kaplan Executive Function System (D-KEFS) is a comprehensive battery that 

assesses verbal and nonverbal executive functions (Delis et al., 2004).  The D-KEFS 

Verbal Fluency Test is comprised of three conditions: Letter Fluency, Category Fluency, 

and Category Switching.  The Letter Fluency task requires the examinee to say words 

that begin with a specified letter as quickly as possible in three trials of 60 seconds each.  

For the Category Fluency task, the examinee is required to say words that belong to a 

designated semantic category as quickly as possible in two trials of 60 seconds each.  

Lastly, the Category Switching condition provides a means of evaluating an individual’s 

ability to alternate between saying words from two different semantic categories as 

quickly as possible for 60 seconds.  Overall, the D-KEFS Verbal Fluency Test assesses 

the ability to generate words fluently according to phonemic and semantic constraints. 

Ambiguous Sentences subtest from the Test of Language Competence-Expanded 

Edition (TOLC-E).  The Ambiguous Sentences subtest requires multiple interpretations of 
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sentences and evaluates the ability to recognize and interpret alternative meanings of 

selected lexical and structural (surface vs. underlying) ambiguities (Wiig & Secord, 

1998).  This test was found to be sensitive to “frontal” language impairments involving 

metalinguistics, lexical-semantic manipulation, and language strategy and integration in a 

group of patients with chronic nonthalamic subcortical lesions who performed within 

normal limits on standard aphasia batteries (Copland et al., 2000).   

The Pyramids and Palm Trees Test.  The Pyramids and Palm Trees Test assesses 

the ability to access detailed semantic representations from pictures or words.  The test 

requires an individual to retrieve conceptual information from the test items and perform 

semantic associations by focusing on specific semantic properties of a target. 

FMRI Naming Task 

Participants alternated between an overt picture naming task and a passive viewing 

task during eight functional imaging runs (Figure 6-1).  During the visual naming task, 20 

grayscale photographs of animals, 20 grayscale photographs of tools or implements, and 

20 grayscale photographs of vehicles were presented.  Each photograph was presented 

twice for a total of 120 naming trials during the scanning session.  Photographs were 

equated for size and resolution and members of each category were matched for 

frequency of occurrence in the English language (Kucera & Francis, 1967).  The 

photographs were selected based the pilot study (see Chapter 5) that investigated the role 

of high spatial frequency content (internal details) on object identification.  Selected 

photographs of animals and vehicles did not differ significantly in terms of spatial 

frequency content necessary for object identification [t(38) = .19, p = .850] but both 

animals [t(38) = 4.26, p = .000] and vehicles [t(38) = 4.10, p = .000] differed significantly 

from tools, such that the chosen tools require significantly greater high spatial frequency 
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content than animals or vehicles for identification.  Incorporation of vehicles was chosen 

to experimentally examine category and attribute in semantic organization, since vehicles 

share a visual attribute with animals (global form) but are categorically similar to tools 

(nonliving).  By choosing the stimuli on an empirical basis we ensure that the degree to 

which animals and vehicles are identified on the basis of global form is equivalent, 

whereas identification of tools is more dependent on local details.  A training phase 

preceded the experimental phase in which different photographs were used. 

Pictures were presented one at a time for 3400 ms each, in an event-related format, 

and participants named the picture aloud.  An event-related design was chosen to allow 

for overt responding so that performance accuracy could be assessed.  In order to 

interpret differences in patterns of functional activity in older and younger adults, it is 

necessary to relate functional activity to behavioral performance (D’Esposito et al., 

2003).  Between trials, participants were instructed not to think any words to themselves, 

to rest quietly, and to look at abstract patterns derived by pixelating photographs from the 

three categories using Adobe PhotoShop 7.0.  Pixelating a line drawing clumps pixels 

into a solid grayscale color in polygon shapes of a predetermined size, in this case 40 

pixels. 
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Figure 6-1. Sample portion of a pseudorandomized event-related run alternating picture 

naming with passive viewing of pixilated images. 

Intertrial intervals were pseudorandomly varied between 13600 ms (8 images), 

15300 ms (9 images), 17000 ms (10 images) and 18700 ms (11 images) to mitigate low 

frequency artifacts (Zarahn et al., 1997) and allow the hemodynamic response to return to 

normal before the participant speaks again, preventing contamination of the latter part of 

the hemodynamic response by movement during the subsequent response.  Experimental 

runs began and ended with a rest interval.  There were 15 trials in an experimental run (5 

trials from each category), and 8 runs were administered for a total of 120 trials.  Each 

15-trial run was 323s in length and acquired 188 functional images for each slice.  

Stimuli were projected onto a translucent screen above the participant’s head via the 

Integrated Functional Imaging System (IFIS) using E-Prime Version 1 software.  Overt 

verbal responses were monitored using a bidirectional dual microphone (Commander 

XG, Resonance Technology, Inc.).  Microphone output was run through the penetration 

panel and connected to a Solo 2500 LS Laptop Computer (Gateway) with Cool Edit 

software in the scanner control room that recorded verbal responses from each scanning 
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run.  These responses were scored for accuracy and reaction time off-line (Gaiefsky et al., 

2002). 

The picture naming task was chosen for the following reasons: (1) to maintain 

consistency with previous research (Chao et al., 1999), (2) employ a task that probes both 

semantic representation, particularly the functioning of the fusiform gyrus, and strategic 

processes involved in accessing semantic information, i.e., the functioning of the left 

prefrontal cortex (Chao et al., 1999; Murtha et al., 1999; Thompson-Schill et al., 1997), 

and (3) examine word-finding performance in older adults.  The control task was also 

chosen to maintain consistency with previous research (Chao et al., 1999).  Viewing of 

pixelated pictures controls for basic visual processing without engaging semantic 

processes of interest for the current study.  The use of perceptual tasks during control 

states is recommended in order to interrupt the ongoing neural activity during rest states 

that may involve the same brain regions activated during word retrieval (Binder et al., 

1999). 

FMRI Motor Task 

Characteristics of the blood oxygenation level-dependent (BOLD) signal may differ 

between younger and older adults due to changes in neurovascular coupling as a result of 

vascular compromise in older adults.  This presents a potential confound when 

investigating age-related differences in cognitive activity based on the BOLD response.  

In order to reduce the likelihood of misattributing aging effects on the BOLD response to 

changes in cognitive processing, a motor task was used to serve as a control measure of 

the effect of aging on the BOLD response.  We adapted a finger flexion-extension task 

that has shown a positive linear relationship between movement rate and FMRI signal 

change in the primary motor cortex (Rao et al., 1996).  The modified motor task involves 
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pressing a button with the index finger of the right hand three times per event in 

synchronization with a visually presented flashing star.  The finger tapping rate was set at 

one tap every 566 ms during a 1700 ms active period.  During the baseline task, 

participants viewed a static red star.  Four runs were administered for a total of 28 

activation events.  Movements were performed for 1700 ms (activation) followed by 

variable intervals of rest: 13600 ms (8 images), 15300 ms (9 images), 17000 ms (10 

images) and 18700 ms (11 images).  The total length of each imaging run was 156 s and 

92 images were acquired per run. 

Image Acquisition 

Images were acquired on a 3T Allegra head-only scanner (Siemens) using the 

standard quadrature radio frequency head coil.  T1-weighted scout scans were acquired in 

three planes to determine location of sagittal functional images.  The head was aligned 

such that the interhemispheric fissure was within 1° of vertical.  Head motion was 

minimized using foam padding.  Before functional imaging sequences, a time-of-flight 

MR angiogram (TE = 6.15 ms; TR = 23 ms; FA = 30°; FOV = 20 cm; matrix = 256 X 

192) was acquired with the same slices used for functional images to check for large 

vessel effects.  Structural images were also acquired prior to functional images for 128 X 

1.3 mm thick transverse slices, using a 3D echo planar acquisition (TE = 4.13 ms; TR = 

2000 ms; NEX = 1; FOV = 24 cm; FA = 8°; matrix size = 256 X 192).  Functional 

images were acquired for the whole brain with 28 4-5 mm thick sagittal slices (TE = 30 

ms; TR = 1700 ms; FA = 70°; FOV = 240; 1 echo). 
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Image Analysis 

Functional images were analyzed and overlaid onto structural images with the 

Analysis of Functional Neuroimaging (AFNI) program from the Medical College of 

Wisconsin (Cox, 1996).  To minimize the effects of head motion, time series images were 

spatially registered in 3-dimensional space.  The average functional intensity of each 

acquired slice for every subject was normalized to the mean intensity of all slices for all 

subjects to control for differences in functional intensity between subjects.  Images were 

visually inspected for gross artifacts and quality control procedures were applied to the 

data to detect residual motion or susceptibility artifact.  As mentioned above, data from 

10 of the 50 subjects who participated were eliminated because of motion artifact or poor 

image quality.  All of the remaining 40 subjects demonstrated an adequate hemodynamic 

response in the left sensory-motor cortex during the finger tapping task for inclusion in 

group data analyses.  Eight imaging runs for the naming task were orthogonalized for 

linear trends (Birn et al., 2001).  Prior to analysis, imaging runs were concatenated into a 

single time series. 

For the naming task, hemodynamic response functions (HRFs) for the active task 

were deconvolved from the baseline state on a voxel-by-voxel basis for the time series 

according to the images corresponding to stimulus presentation.  Deconvolution was 

continued for 13 images (21.1 seconds) allowing the hemodynamic response to return to 

baseline.  A single HRF was deconvolved separately for each category (e.g., animals, 

vehicles, tools) and for all responses collapsed across conditions in the naming task.  

Magnitude of response for each condition was operationally defined as area under the 

curve of the HRF.  Area under the curve was calculated by adding the deconvolved image 

intensity at each deconvolved time point, with the exception of the first two images, for 
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each condition in the picture naming task.  The first two images following stimulus 

presentation, during which the participant responded overtly, were excluded to eliminate 

stimulus-correlated motion artifact (see Carter et al., 2000).  

Deconvolution estimates the hemodynamic response elicited from the task by 

empirically determining the waveform and matching it to the data to find the optimum 

shape (Ward, 1998).  Deconvolution utilizes the input stimulus functions (which indicate 

when the stimuli occurred) and the measured FMRI signal data to estimate the 

hemodynamic response.  Thus, the data determine the functional form of the estimated 

response.  One of the advantages of deconvolution is that the form of the hemodynamic 

response is empirically determined, with the only a priori assumptions being the time at 

which the response begins and ends.  Because the shape of the hemodynamic response in 

a given area for a particular task can vary considerably from one individual to another 

(Aguirre et al., 1998), deconvolution should offer greater sensitivity between subjects.  

Because deconvolution requires varying intervals of a baseline state between trials, it is 

also possible to control for cyclical artifacts, such as physiological responses that can 

occur at the same frequency as experimental task-control state cycles at a constant 

frequency (Zarahn et al., 1997).  

Anatomic and functional images were interpolated to volumes with 1 mm3 voxels, 

co-registered, and converted to stereotaxic space of Talairach and Tournoux (1988) using 

AFNI.  HRFs within the 1 mm3 voxels were spatially smoothed using a 3 mm full-width 

half-maximum (FWHM) Gaussian filter to compensate for variability in structural and 

functional anatomy across participants. 
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Group Analyses of the Naming Task 

A priori analyses were tested with a statistical threshold of p < .005 and a 

contiguity threshold of volume > 200 µl.  These analyses included a 2 (group) x 3 

(category) repeated measures ANOVA to examine the effect of age and the interaction of 

age and semantic category on the pattern of brain activity in frontal and inferior temporal 

cortices associated with word retrieval during the naming task.  Area under the HRF 

curve was the dependent variable.  To compare semantic category, pairwise t-tests were 

performed for animals versus tools, vehicles versus tools, and animals versus vehicles to 

examine differences in intensity of the HRF between categories in the fusiform gyrus.  

When a cluster of significant activity was found, a mask consisting of the voxels from the 

cluster was constructed and applied to functional images of the individual subjects such 

that a single average time course for the cluster was extracted for each subject.  These 

averaged time courses were derived to determine the nature of differences in 

hemodynamic responses, which is especially important in comparisons when age is a 

factor.  Repeated measures ANOVAs were then performed to examine differences in the 

time course of the HRF within brain regions for the comparisons of age and category.  

All other comparisons in regions not hypothesized on an a priori basis to be involved in 

word retrieval differences were conducted at p < .001 and a contiguity threshold of 

volume > 200 µl with the exception that the main effect of category was tested with a 

statistical probability threshold of p < .0001 in order to reduce the amount of significant 

volumes to an interpretable number. 

Behavioral Analyses 

Student’s t-tests were conducted to compare naming accuracy and response time 

between the older and younger adults on the overt FMRI picture naming task.  Within-
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subjects repeated measures ANOVAs were performed to compare accuracy and response 

time for animals, tools, and vehicles independent of age group.  Group comparisons of 

performance on tests of memory (HVLT) and language (BNT, D-KEFS Verbal Fluency, 

Pyramids and Palm Trees Test, Ambiguous Sentences) were conducted using student’s t-

tests.  Repeated measures ANOVAs were conducted to examine performance across trials 

on the HVLT and across time intervals on the D-KEFS Verbal Fluency test between older 

and younger adults. 

 

 



 

CHAPTER 7 
RESULTS  

Behavioral Results 

Naming Performance during FMRI  

Performance on the overt naming task during FMRI was compared between the 20 

older and 20 younger adults using student’s t-tests for accuracy and response time.  

Accuracy rates for the younger (92%) and older subjects (89%) were similar [t(38) = 

1.71, p = .096] (Table 7-1).  However, response times were significantly slower for older 

adults (1669 ms) compared to younger adults (1421 ms) [t(38) = 3.32. p = .002].  

Additionally, there was an interaction between age and accuracy for each category [F(2, 

76) = 4.10, p = .020].  Follow-up pairwise t-tests reveal that older adults responded less 

accurately for animals than younger adults [t(38) = 3.25, p = .002].  However, accuracy 

did not differ as a result of category when performance was collapsed across participants 

[F(2, 78) = 2.74, p = .071].  Additionally, there was a significant interaction between age 

and category response time [F(2, 76) = 7.45, p = .001].  Follow-up pairwise t-tests reveal 

that older adults responded more slowly to animals [t(38) = -4.15, p = .000] and vehicles 

[t(38) = -3.68, p = .001] than younger adults.  Similarly, response time differed 

significantly between categories when performance was collapsed across subjects 

[F(2,78) = 19.00, p = .000].  Follow-up pairwise t-tests reveal that participants responded 

more quickly to tools than vehicles [t(38) = 4.26, p = .024] and responded more quickly 

to vehicles than animals [t(38) = 2.36, p = .024].  Since there were no significant 

differences in accuracy rates between older and younger adults across category, 

77 
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differences in FMRI activity for age more likely represent age-related changes in the 

neural substrates underlying word retrieval rather than differences in performance.  

Similarly, since naming accuracy did not differ for animals, tools, or vehicles collapsed 

across subjects, level of performance is unlikely to have influenced FMRI comparisons of 

semantic category. 

Table 7-1. Performance on the FMRI Naming Task for Younger and Older Adults. 
 

Total 
 

Animals 
  

Tools 
  

Vehicles 
 
 
 M SD M SD  M SD  M SD 

Younger 92.0 (5.6) 92.9 (6.3)  93.0 (6.0)  91.8 (7.2) Accuracy 
(%correct) Older 89.0 (5.4) 85.2 (8.5)  91.2 (7.1)  90.8 (6.1) 
          

Younger 1421 (2544) 1449 (2565)  1385 (3180)  1429 (2267)Response 
Time (ms) 
 Older 1669 (2172) 1772 (2360)  1531 (2259)  1696 (2329)

 
Neuropsychological Testing Performance  

Performance on the memory and language measures was compared between older 

and younger adults.  Older adults recalled significantly fewer words on both the Hopkins 

Verbal Learning Test immediate recall [Total score: t(38) = -5.01, p = .000] and delayed 

recall [Delay score: t(38) = -3.49, p = .001].  Results from a 2 (group) x 4 (trial) repeated 

measures ANOVA for HVLT performance indicate a significant effect for trial [F(3,57) 

= 92.61, p = .000], suggesting that word recall improves across trials 1-3 and decreases 

on the delay trial.  However, the interaction of age and trial on memory performance was 

not significant [F(3,57) = .22, p = .879], suggesting that the pattern of list-learning does 

not change with age (Table 7-2).  

In contrast to previous findings, there was no significant age-related difference in 

naming accuracy on the Boston Naming Test [t(38) = -0.19, p = .854].  Older adults 
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performed significantly worse on the TOLC-E Ambiguous Sentences subtest than the 

younger adults [t(38) = -2.80, p = 0.008].  However, older adults performed significantly 

better on the Pyramid and Palm Trees Test than younger adults [t(38) = 3.13, p = .003], 

although the average performance of the groups differed by only 2 points. 

On the D-KEFS Verbal Fluency Test, older adults generated significantly fewer 

category members overall than younger adults [Category Fluency: t(38) = -3.84, p = 

.000] but the total number of words generated to three lexical cues (i.e., begins with letter 

“F”) did not differ between younger and older adults [Lexical Fluency: t(38) = -1.86, p = 

.071].  Results from a 2 (group) x 4 (time interval) repeated measures ANOVA for lexical 

retrieval indicate a significant within subject difference for trial [F(3,57) = 107.41, p = 

.000] suggesting that word generation to lexical cues decreases over time.  No significant 

interaction of age and trial [F(3, 57) = 0.94, p = .425] was found on lexical fluency, 

suggesting that the pattern of word retrieval does not change with age.  Results from a 2 

(group) x 4 (time interval) repeated measures ANOVA for category generation also 

indicate a significant within subject difference for trial [F(3,57) = 157.90, p = .000], with 

a decreasing pattern similar to lexical retrieval.  No age by interval of category generation 

interaction was found [F(3,57) = 1.10, p = .338].  On the category switching task, which 

requires alternating exemplar generation between two categories, older adults performed 

significantly worse on Total Accuracy [t(38) = 3.93, p = .000].  Of note, older adults 

demonstrated greater repetition errors [t(38) = 2.49, p = .017] and  set loss errors, 

although the difference in set loss errors did not reach significance [t(38) = -1.66, p = 

.106], across all word generation tasks (lexical and semantic retrieval and category 

switching). 
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Table 7-2. Raw Scores on the Neuropsychological Tests for Younger and Older Adults. 
Younger Adults 

(n=20) 
 Older Adults 

(n=20) 
 
 
Measures M SD  M SD 

 
 
p-valuesa 

Global Cognition       
     Mini Mental State Exam 29.30 (0.92)  28.55 (1.39)  
Learning and Memory       
     Hopkins Verbal Learning Test       
          Immediate Total Recall 29.65 (2.78)  24.25 (3.95) .000 
          Delayed Recall 10.65 (1.53)  8.70 (1.98) .001 
Language       
     Boston Naming Test (60-item) 55.55 (4.89)  55.30 (3.51) .854 
     TOLC-E Ambiguous Sentences 34.40 (4.54)  28.90 (7.52) .008 
     Pyramids and Palm Trees Test 49.60 (1.88)  51.05 (.89) .003 
     DKEFS Verbal Fluency Test       
          Letter Fluency (FAS Total) 47.65 (11.37)  41.05 (11.11) .071 
          Category Fluency (Total) 45.45 (6.22)  37.25 (7.25) .000 
          Total Switching Accuracy 14.7 (2.72)  11.4 (2.72) .000 
          Total Repetition Errors 2.25 (2.31)  4.65 (3.63) .017 
          Total Set Loss Errors 1.35 (1.69)  2.25 (1.74) .106 
ap-value associated with student’s t-tests comparing younger and older adults 
 

Taken together, age-related differences in performance on language tests suggests 

that older adults have greater difficulty on internally generated tasks that place increased 

demands on executive functions involved in accessing and manipulating verbal 

information.  In contrast, older adults performed comparably to younger adults on 

externally constrained language tests that require providing a single word response.  

These behavioral results suggest that lexical-semantic knowledge is relatively preserved 

in healthy aging, but higher-order functions involved in selecting, retrieving and 

manipulating lexical-semantic information may deteriorate with age.  

FMRI Results 

All the FMRI analyses for the word retrieval task that have to do with age will be 

presented first.  Once that is accomplished, we will address the effects that are due to 

category independent of age.  A priori comparisons will precede exploratory analyses.  A 
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priori analyses were tested with a statistical threshold of p < .005 and a contiguity 

threshold of volume > 200 µl, and a posteriori analyses were tested with a statistical 

threshold of p < .001 and a contiguity threshold of volume > 200 µl, with the exception 

of the main effect of category, which was tested with p < .0001 to reduce the number of 

activated clusters to a level of interpretability.   

To address Hypothesis 1, which predicts greater left frontal activity during naming 

in older adults, a comparison of intensity of activity between younger and older adults 

was performed with a 2 (group) x 3 (category) voxel-wise repeated measures ANOVA 

with area under the curve (AUC) of the hemodynamic response function (HRF) as the 

dependent variable.  Area under the curve of the hemodynamic response is a measure of 

the intensity of activity based on the total raw signal change from baseline over a 

specified number of images following a given stimulus.  The baseline is calculated by the 

deconvolution analysis and represents an estimation of the magnetic resonance signal 

under the control condition, based on the input stimulus vectors which indicate when the 

stimuli occurred and the number of images specified to model the hemodynamic response 

(Kaundinya Gopinath, personal communication March 17, 2004).  Region of interest 

(ROI) analyses were then conducted to examine the temporal characteristics of the HRF 

by extracting a single average time course in clusters of significant activity between older 

and younger adults.  Derived HRFs are based on the average raw signal change from 

baseline across subjects.  To examine common areas of activity for word retrieval, 

student’s t-tests were then performed with a dependent variable of AUC for the naming 

task (collapsed across categories) against the passive viewing baseline for younger and 

older adults.   
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To address Hypothesis 2, which predicts that neural substrates in the fusiform gyrus 

for semantic information differ between older and younger adults, the interaction between 

age and semantic category was examined resulting from the 2 (group) x 3 (category) 

repeated measures ANOVA with AUC as the dependent variable.  Lastly, to address 

Hypothesis 3, which predicts that semantic information is represented according to 

category and visual attribute in the fusiform gyrus, comparisons of each of the categories 

(animals, tools, and vehicles) directly to one another were performed with pairwise t-tests 

to examine differences in intensity of the HRF between categories in the fusiform gyrus.  

ROI analyses were subsequently conducted on clusters of significant activity to examine 

the characteristics of the HRF in regions of the fusiform gyrus activated by the 

comparison of categories.  To identify areas not a priori hypothesized to be involved in 

semantic processing, the main effect of category resulting from the 2 (group) x 3 

(category) repeated measures ANOVA based on AUC was examined at a statistical 

threshold of p < .0001.  

Comparison of Age on Picture Naming 

The first hypothesis (Hypothesis 1, Chapter 4) stated that activity in the medial 

and/or lateral frontal cortices of the left hemisphere will be greater in older than younger 

participants during word retrieval due to compensation for reduced efficiency of 

functioning.  This assumption is based on literature indicating that word retrieval 

problems in older adults are due to deterioration of executive language processes.  The 

main effect for age resulting from a 2 (group) x 3 (category) repeated measures ANOVA 

with area under the curve (AUC) as the dependent variable revealed that older adults, 

when compared to younger adults, showed significantly greater activity in both medial 

and lateral frontal cortices (Table 7-3).  Given the a priori nature of our hypotheses about 
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the role of the frontal lobes in word retrieval, a threshold volume of 200 µl and a 

statistical threshold of p < .005 were chosen.  Greater activity in the older adults was 

found medially in the left and right rostral cingulate zone ventral to the supplementary 

motor area (BA 32) and the right anterior cingulate ventral to the genu of the corpus 

collosum, extending anteriorly to the posterior boundary of the forceps of the corpus 

collosum.  Additionally, older adults showed greater activity compared to younger adults 

in the posterior portion of the supplementary motor area (BA 6) and motor area (BA 4) 

bilaterally, although this cluster of activity extended laterally along the right sensory-

motor cortex.  A more stringent statistical threshold (p < .001) decomposes this cluster 

into its components (see Table 7-4).  Laterally, activity was localized to Broca’s area 

homologue (BA 45) in the right hemisphere and an anterior region of the right inferior 

frontal gyrus.   
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Table 7-3. A Priori Volumes of Tissue in Medial and Lateral Frontal Cortices (> 200 µl) 
Showing Significant Activity during Naming for Older Compared to Younger 
Adults, p < .005.  

 
Older > Younger 

 
 
Region 
 

Anatomic Area 
(peak talairach coordinates) 

volume in µl 
Medial Frontal Cortex 
       Rostral cingulate zone 
 
 
       Supplementary motor area                              
       (extending laterally) 
 
       Anterior cingulate (subgenual) 

 
L and R BA 32 

(-1, -6, 48) 
402 µl 

L and R BA 6, 4 
(0, -29, 56) 

7209 µl 
R BA 32, 12 
(8, 27, -11) 

749 µl 
 

Lateral Frontal Cortex 
       Broca’s area homologue 
 
 
       Inferior frontal gyrus 

 
R BA 45 

(39, 28, -1) 
520 µl 

R BA 10 
(51, 44, 1) 

234 µl 
Note. BA = Brodmann's Area (according to Talairach & Tournoux, 1988), L = Left, R = 
Right. 
 

Given that characteristics of the BOLD signal may differ between individuals due 

to potential age-related changes in cerebrovascular dynamics and neurovascular coupling, 

D’Esposito et al. (2003) recommend examining other characteristics of the HRF that may 

reflect differences in neural activity between younger and older adults in addition to 

intensity of activity.  Therefore, to supplement the comparisons based on area under the 

curve analyses, we examined the temporal characteristics of the BOLD HRFs in older 

and younger adults during word retrieval using region of interest (ROI) techniques.  A 

mask of each cluster in the frontal lobes showing differences in activity between younger 

and older adults at p < .005 was generated and the HRF, based on raw signal change from 
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baseline, for each participant was derived and then averaged across group.  The averaged 

hemodynamic response functions (HRFs) for each group and cluster were entered into a 2 

(group) x 11 (image number) repeated measures ANOVA to investigate differences in the 

time course of the HRF between older and younger adults.  The first two images were 

excluded from the group x time repeated measures ANOVA to remain consistent with the 

group x category repeated measures ANOVA for area under the curve, in which we 

eliminated the first two images to reduce motion artifact.  Because of our a priori interest 

in medial and lateral frontal regions associated with language production in healthy and 

aphasic individuals, the current discussion focuses on the bilateral rostral cingulate zone 

and Broca’s homologue in the right hemisphere.  Results of the HRF analyses for the 

other frontal regions are presented in Appendix A.  The 2 (group) x 11 (image number) 

interaction was significant for the bilateral rostral cingulate zone (BA 32) [F(10, 350) = 

4.88, p = .000] and Broca’s homologue in the right hemisphere (BA 45) [F(10, 380) = 

6.97, p = .000] (see Figure 7-1).  A visual examination of the response curves reveals 

different time courses between groups.  In both regions, the average HRF of the older 

adults exhibits a longer rise to peak amplitude and a greater delay in returning to baseline 

than for the younger adults.  In the bilateral rostral cingulate zone, the amplitude of signal 

change for the average HRF in older and younger adults is similar, but the younger adults 

demonstrate a greater undershoot.  However, in right Broca’s area homologue, the 

amplitude of signal change for the average HRF for the older adults is considerably larger 

than for the younger adults, but the younger adults exhibit a larger undershoot. 
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Figure 7-1. Regions of the a) medial (rostral cingulate zone) and b) lateral (Broca’s 

homologue in the right hemisphere) frontal cortex activated by older adults 
relative to younger adults during picture naming, red = p < .005; yellow = p < 
.001, along with corresponding hemodynamic response functions (HRFs) for 
older and younger adults for these areas.  Note: the first two images are 
excluded from the HRF to reduce motion artifact.  Asterisks indicate images 
in which a significant (p < .05) group difference was found based on follow-
up student’s t-tests. 

Although not hypothesized a priori, older adults showed greater activity compared 

to younger adults in the right sensory-motor cortex involving the precentral gyrus and 

postcentral gyrus at a statistical threshold of p < .001.  A significant difference in activity 

was also found in the right posterior perisylvian region including the superior temporal 

gyrus at p < .001 (see Table 7-4). 
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Table 7-4. A Posteriori Volumes of Tissue (>200 µl) Showing Significant Activity during 
Naming for Older Compared to Younger Adults, p < .001. 

 
Older > Younger 

 
 
Region 
 

Anatomic Area 
(peak talairach coordinates) 

volume in µl 
Sensory-Motor Cortex 
       Precentral gyrus 
 
 
 
 
 
 
 
 
       Postcentral gyrus 

 
R BA 4 

(56, -9, 31) 
285 µl 
R BA 4 

(37, -16, 59) 
260 µl 
R BA 4 

(18, -22, 64) 
258 µl 
R BA 3 

(33, -31, 56) 
262 µl 

Perisylvian Cortex 
       Superior temporal gyrus 
 
 
 

 
L BA 22, 41, 42 

(-55, -11, -3) 
265 µl 

Note. BA = Brodmann's Area (according to Talairach & Tournoux, 1988), L = Left, R = 
Right. 
 

In addition to the between-group comparisons previously mentioned, within- group 

(older, younger) comparisons of intensity of activity (AUC) for picture naming to 

baseline passive viewing were conducted with student’s t-tests.  Within-group analyses of 

word retrieval were performed to investigate common areas of activity for each group.  

Naming was collapsed across category to gain power in identifying areas involved in 

word retrieval for each group.  Since the main effect of age from the 2 (group) x 3 

(category) repeated measures ANOVA only reveals regions in which the intensity of 

activity differs between older and younger adults, within-group t-tests of picture naming 

compared to baseline provide more information about areas activated during word 
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retrieval for each group.  Compared to a baseline of passive viewing, younger and older 

adults demonstrated similar activity during picture naming in Broca’s area and the left 

sensory-motor strip at a threshold volume of 200 µl and a statistical threshold of p < .005 

(Figure 7-2).  An examination of relative volume size in the frontal regions activated by 

both groups reveals that the extent of activity in Broca’s area was comparable (990 µl for 

older adults and 909 µl for younger adults) although activity for older adults extends 

more anteriorly compared to younger adults.  In contrast, older adults activated the left 

sensory-motor strip to a substantially greater extent than younger adults, whose activity 

was limited to the left precentral gyrus (11481 µl for older adults and 896 µl for younger 

adults).  The involvement of Broca’s area in older and younger adults during picture 

naming is not surprising, given the role of this region in language production, and was 

not detected by the 2 (group) x 3 (category) repeated measures ANOVA because this 

region was activated to a similar degree in both groups. 

 
 
Figure 7-2. Activity in left frontal cortex, including Broca’s area, for older adults (red) 

and younger adults (blue) during picture naming compared to baseline 
(overlap = green, p < .005, cluster > 200 µl). 

Comparison of the Interaction between Age and Semantic Category 

The second hypothesis (Hypothesis 2, Chapter 4) stated that activity in the posterior 

and anterior inferior temporal cortex for older participants will be significantly more 
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diffuse and/or less lateralized than for younger persons for semantic category.  This 

assumption is based on literature that suggests that word retrieval difficulties in older 

persons are due to deterioration of information in lexical-semantic stores.  A 2 (group) x 

3 (category) voxel-wise repeated measures ANOVA with AUC as the dependent variable 

did not yield a significant interaction effect at a statistical threshold of p < .005 and a 

cluster volume threshold of 200 µl in the inferior temporal cortex.  The lack of an 

interaction effect in the inferior temporal cortex suggests that the inferior temporal 

substrates for the representation of semantic information remain largely intact in healthy 

aging and do not likely contribute to word retrieval problems in older adults.  Since no 

group x category differences were found in the inferior temporal cortex, we collapsed 

across groups for semantic comparisons.  Furthermore, there were no areas that met the 

exploratory statistical threshold of p < .001 outside the inferior temporal lobe for the 

interaction of age and category. 

Direct Comparisons of Semantic Category 

The third hypothesis (Hypothesis 3, Chapter 4) states that there will be 

dissociations within the inferior temporal cortex, particularly the fusiform gyrus, for 

processing category and visual attributes of objects.  More specifically, the hypotheses 

are that in the posterior fusiform gyrus (where analysis of features takes place), 

processing of semantic categories will be greater in the right hemisphere for processing 

global visual information (animals and vehicles) compared to local information, whereas 

activity will be greater in the left hemisphere for processing local visual information 

(tools) compared to global form.  In the anterior fusiform gyrus (where object identity is 

finally resolved), medial vs. lateral activity bilaterally will be determined by the 
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distinction between living vs. nonliving things.  In the anterior inferior temporal cortex 

bilaterally, animals (living) will activate the lateral portion of the fusiform gyrus more 

than tools or vehicles (nonliving), whereas tools and vehicles will activate the medial 

portion of the fusiform gyrus bilaterally more than animals.  

Since there was no interaction between age and semantic category in the inferior 

temporal cortex, we interpret the main effect for semantic category across all participants.  

To elucidate differences in the intensity of activity between categories within the 

fusiform gyrus, paired t-tests were conducted to compare animals vs. tools, animals vs. 

vehicles, and tools vs. vehicles.  Given the a priori nature of this investigation, a 

statistical threshold of p < .005 and a cluster threshold volume of 200 µl was used (Table 

7-5).  For the comparison of animals vs. tools, a significant cluster of activity for animals 

greater than tools was found in the right hemisphere in the lateral fusiform gyrus (Figure 

7-3).  A cluster of significant activity for tools greater than animals was lateralized to the 

left hemisphere in the medial fusiform gyrus (Figure 7-3).  For the comparison of tools 

vs. vehicles, clusters of significant activity for vehicles greater than tools were found in 

the medial fusiform gyrus, with two large clusters extending from the parahippocampal 

gyrus along the collateral sulcus through the fusiform gyrus bilaterally, and a smaller 

cluster located in the posterior medial fusiform gyrus of the left hemisphere (Figure 7-4).  

For the comparison of animals vs. vehicles, there were no significant clusters of activity 

for animals greater than vehicles in the inferior temporal cortex.  Clusters of significant 

activity for vehicles greater than animals extended along the medial fusiform gyrus 

bilaterally including the parahippocampal gyrus and collateral sulcus (Figure 7-5). 
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Table 7-5. A Priori Volumes of Tissue in the Inferior Temporal Cortex (>200 µl) 
Showing Differential Responses to Animals, Tools, and Vehicles for Pairwise 
Comparisons, p < .005. 

 
Region 
 

 
Selectivity 

 
Hemisphere 

 
Peak talairach 

coordinates 
(x, y, z) 

 
Volume 

Inferior Temporal Cortex     
   Lateral fusiform gyrus A > T R (36, -42, -20) 558 µl 
     
   Medial fusiform gyrus T > A L (-25, -59, -11) 332 µl 
     
 V > T L (-25, -74, -4) 341 µl 
 V > T R (25, -36, -8) 4414 µl 
 V > T L (-28, -39, -8) 3069 µl 
     
 V > A R (31, -37, -9) 13329 µl 
 V > A L (-27, -41, -9) 12589 µl 
     
Note. A = Animals, T = Tools, V = Vehicles, L = Left, R = Right. 
 

To determine the time course of differences seen in the fusiform gyrus for semantic 

representation of animals, tools and vehicles, a mask of each cluster of activity resulting 

from the paired t-tests was generated and the HRF for each category and participant was 

derived and then averaged across subjects for each category.  The averaged HRFs for 

each category were entered into a 2 (category) x 11 (image number) repeated measures 

ANOVA.  A visual examination of the time course for each category in the seven clusters 

in the fusiform gyrus reveals similar shapes across category, although amplitudes vary 

between categories.  Significant category x time interactions were found in each cluster 

of activity.  For the HRF analyses, the 2 (category) x 11 (time) interaction was significant 

for the comparison of animals greater than tools in the right lateral fusiform gyrus [F(10, 

390) = 10.57, p = .000], for the comparison of tools greater than animals in the left 

medial fusiform gyrus [F(10, 380) = 2.78, p = .003], for the comparison of vehicles 

greater than tools in the left posterior medial fusiform gyrus [F(10, 380) = 10.68, p = 
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.000] and bilateral medial fusiform gyrus extending anteriorly to the collateral sulcus and 

parahippocampal gyrus [left: F(10, 390) = 17.01, p = .000; right: F(10, 390) = 28.02, p 

=.000], and for the comparison of vehicles greater than animals in the bilateral medial 

fusiform gyrus [left: F(10, 390) = 16.07, p = .000; right: F(10, 390) = 14.89, p =.000]. 

 

 
Figure 7-3. Lateral and medial fusiform gyrus activated by the comparison of animals and 

tools, red = p < .005; yellow = p < .001 for animals greater than tools, dark 
blue = p < .005; light blue = p < .001 for tools greater than animals, along 
with corresponding hemodynamic response functions (HRFs) for animals and 
tools for these areas.  Note: the first two images are excluded from the HRF to 
reduce motion artifact.  Asterisks indicate images in which a significant (p < 
.05) category difference was found based on follow-up paired t-tests. 
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Figure 7-4. Activity in the fusiform gyrus bilaterally for the comparison of vehicles to 

tools, dark blue = p < .005; light blue = p < .001 for vehicles greater than 
tools, red = p < .005; yellow = p < .001 for tools greater than vehicles, along 
with corresponding hemodynamic response functions (HRFs) for vehicles and 
tools for these areas.  Note: the first two images are excluded from the HRF to 
reduce motion artifact.  Asterisks indicate images in which a significant (p < 
.05) category difference was found based on follow-up paired t-tests. 
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Figure 7-5. Activity in the fusiform gyrus bilaterally for the comparison of vehicles to 

animals, dark blue = p < .005; light blue = p < .001 for vehicles greater than 
animals, along with corresponding hemodynamic response functions (HRFs) 
for vehicles and animals for these areas.  Note: the first two images are 
excluded from the HRF to reduce motion artifact.  Asterisks indicate images 
in which a significant (p < .05) category difference was found based on 
follow-up paired t-tests. 

Taken together, a medial-lateral differentiation for tools and animals, respectively, 

was found in the fusiform gyrus, consistent with previous findings (Chao et al., 1999, 

Ishai et al., 2001).  When animals and tools were compared, animals showed greater 

activity in the right lateral fusiform gyrus whereas tools showed greater activity in the left 

medial fusiform gyrus.  An anterior-posterior distinction between category and attribute 

was not found in the fusiform gyrus; rather, lateralization according to visual attribute 

was not limited to only posterior regions.  Somewhat surprising is the finding that activity 

for vehicles dominates the fusiform gyrus in both the left and right hemispheres when 
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compared to either animals or tools.  However, activity for vehicles compared to animals 

and tools tends to reside within the medial aspect of the fusiform gyrus bilaterally.  The 

bilateral medial activity for vehicles may represent both categorical and attribute 

processing.  Bilateral activity suggests that vehicles are an intermediary category between 

animals and tools in terms of the amount of global form or local details needed for 

identification, despite our attempt to experimentally manipulate the categories to equate 

animals and vehicles.  Yet, since vehicles are nonliving, activity of the medial fusiform is 

consistent with previous findings for category.  Overall, these findings suggest that we 

must revise our model of visual semantic processing.  A simpler model can be proposed.  

Visual attributes are clearly an important factor in the organization of semantic 

information and are lateralized in the brain according to global form (right hemisphere) 

and local details (left hemisphere).  Since processing visual attributes is not restricted to 

the posterior portion of the fusiform gyrus, but occurs throughout the fusiform gyrus, this 

information likely assists with object identification, and may be processed in more of an 

interactive manner throughout the course of object recognition than originally thought. 

An exploratory analysis of other areas of activity not specified a priori for the main 

effect of category resulting from the 2 (age) x 3 (category) repeated measures ANOVA 

reveals clusters of activity in the left inferior parietal lobe and angular gyrus, left 

posterior middle temporal gyrus, right middle occipital gyrus, and right inferior frontal 

sulcus at p < .0001 (see Table 7-6, Figure 7-6).  A more stringent p-value was chosen for 

this comparison to reduce the amount of activated clusters to an interpretable number.  A 

table of the 21 clusters of activity not a priori hypothesized to be involved in semantic 

processing at p < .001 is included in Appendix B.  The large number of activated regions 
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at p < .001 demonstrates that categories are a robust source of differences in cortical 

activity.  

To examine differences in HRF signal characteristics across time between the three 

categories in the five identified clusters, ROI analyses were performed on each cluster, 

and averaged HRFs for each category (animals, tools, vehicles) were entered into a 3 

(category) x 11 (image number) repeated measures ANOVA.  A visual examination of 

the time course for each category in each cluster reveals similar shapes across category, 

although amplitudes differ significantly between categories.  Significant category x time 

interactions were found in each cluster of activity.  Tools show greater activity than 

vehicles and animals in the left inferior parietal lobe [F(20,780) = 6.62, p = .000] and left 

middle temporal gyrus [F(20,780) = 7.67, p = .000].  Animals and vehicles elicit greater 

activity than tools in the right inferior frontal sulcus [F(20,780) = 2.38, p = .001].  

Activity for vehicles is greater than animals and tools in the right middle occipital gyrus 

[F(20,780) = 9.75, p = .000].  Dominance of activity for tools in the left inferior parietal 

lobe likely represents knowledge of the skilled motor movements needed to use such 

objects (i.e., praxis).  Activation of the inferior frontal sulcus to a greater degree by 

animals and vehicles may be due to input from the ventral visual stream, since this area 

has been implicated in object working memory (Belger et al., 1998). 
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Table 7-6. A Posteriori Volumes of Tissue (>200 µl) Showing Differential Responses to 
Animals, Tools, and Vehicles, p < .0001. 

 
Region 
 

 
Selectivity 

 
Hemisphere 

 
Peak talairach 

coordinates 
(x, y, z) 

 
Volume 

Lateral Temporal Cortex     
   Middle temporal gyrus T > V > A L (-51, -55, -2) 1344 µl 
     
Parietal Cortex     
   Inferior parietal lobe T > V > A L (-57, -33, 35) 2157 µl 
     
   Angular gyrus T > V > A L (-27, -72, 30) 257 µl 
     
Occipital Cortex     
   Middle occipital gyrus V > A > T R (32, -85, 19) 479 µl 
     
Frontal Cortex      
   Inferior frontal sulcus A = V > T R (40, 14, 27) 278 µl 
Note. A = Animals, T = Tools, V = Vehicles, L = Left, R = Right. 
 

 
Figure 7-6. Activity in the a) right inferior frontal sulcus, b) left inferior parietal lobe and 

left middle temporal gyrus associated with the main effect of category across 
participants, red = p < .0001; yellow = p < .00001. 

 
Notably, even in regions outside the inferior temporal cortex, areas that respond 

maximally to tools are lateralized to the left hemisphere, whereas areas in which the 

hemodynamic response for animals is greater or equivalent to either tools or vehicles are 

lateralized to the right hemisphere.  With the exception of the fusiform gyrus and middle 

occipital gyrus, areas in which activity for vehicles is greater than animals are lateralized 
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to the left hemisphere, suggesting that local details are more important for the 

identification of vehicles than animals.  In contrast, areas in which activity for vehicles is 

greater than tools are lateralized to the right hemisphere, suggesting that global form is 

more important for the identification of vehicles than tools.  This is consistent with our 

pilot data that suggest that vehicles may represent an intermediary category that share 

visual properties with both animals and tools.  Furthermore, this provides additional 

support for the role of features in the organization of semantic information. 

Although the lateral temporal lobe was not specified as a region of interest in our 

original hypotheses, previous literature exists regarding its role in category-specific 

effects.  Because distinctions in the lateral temporal lobe have been made for knowledge 

of movement in experiments similar to ours (Beauchamp et al., 2003; Chao et al., 1999), 

we relaxed our statistical threshold to p < .005 to explore the possibility of activity related 

to the attribute of object movement in the lateral temporal lobe.  In particular, Beauchamp 

et al. (2003) and Chao et al. (1999) report a dissociation between animate and inanimate 

motion that breaks down according to superior and inferior regions of the lateral temporal 

lobe, respectively.  Comparisons of each of the categories (animals, tools, and vehicles) 

directly to one another were performed with pairwise t-tests to examine differences in 

intensity of the HRF between categories in the lateral temporal lobe (see Table 7-7).  For 

the comparison of animals vs. tools, a significant cluster of activity for animals greater 

than tools was found in the right posterior middle temporal gyrus (MTG).  Clusters of 

significant activity for tools greater than animals were found in the right inferior temporal 

gyrus and left posterior MTG (Figure 7-7).  For the comparison of tools vs. vehicles, a 

cluster of significant activity for tools greater than vehicles was found in the left MTG.  
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Activity greater for vehicles than tools was found in the right lateral MTG bordering on 

the angular gyrus.  The left MTG and right posterior inferior temporal gyrus were also 

activated for vehicles compared to animals. 

Table 7-7. A Posteriori Volumes of Tissue in the Lateral Temporal Lobe (>200 µl) 
Showing Differential Responses to Animals, Tools, and Vehicles for Pairwise 
Comparisons, p < .005. 

 
Region 
 

 
Selectivity 

 
Hemisphere 

 
Peak talairach 

coordinates 
(x, y, z) 

 
Volume 

Lateral Temporal Lobe     
   MTG A > T R (42, -69, 2) 1028 µl 
 T > V L (-43, -66, 1) 567 µl 
     
   MTG/ITG T > A L (-50, -57, -6) 5058 µl 
                    V > A L (-52, -53, -2) 1977 µl 
     
   MTG/angular gyrus         V > T R (41, -79, 21) 2274 µl 
     
   ITG  T > A R (57, -54, -10) 265 µl 
                                   V > A R (48, -53, -7) 285 µl 
     
Note. MTG = middle temporal gyrus, ITG = inferior temporal gyrus, A = Animals, T = 
Tools, V = Vehicles, L = Left, R = Right. 
 

 
 
Figure 7-7. Left and right middle temporal gyrus activated for the comparison of animals 

to tools, red = p < .005; yellow = p < .001 for animals greater than tools; dark 
blue = p < .005; light blue = p < .001 for tools greater than animals. 

These findings are relatively consistent with Beauchamp et al. (2003); however, the 

superior-inferior distinction appears to occur more ventrally in our study.  Beauchamp et 
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al. (2003) report a dissociation between animate movement in the superior temporal 

sulcus and inanimate movement in the middle temporal gyrus.  In contrast, we found a 

dissociation between animals in the middle temporal gyrus and tools in the inferior 

temporal gyrus, although this inferior-superior distinction was only found in the right 

hemisphere because activity for animals is entirely lateralized to the right hemisphere.  

Both tools and vehicles show greater activity than animals in the left MTG/ITG region 

and right ITG.  However, tools show greater activity than vehicles in the left MTG and 

vehicles show greater activity in the right MTG compared to tools.  Taken together, these 

findings suggest that visual features likely influence activity in the middle temporal gyrus 

for animals, tools, and vehicles.  In contrast, the left and right inferior temporal gyrus is 

selective for nonliving categories and possibly represents inanimate motion.  The degree 

to which the lateralization of these findings results from visual attributes rather than 

functional attributes (type of movement) is difficult to determine.  Although the lateral 

temporal cortex is traditionally thought to represent object movement, current findings 

suggest that distinctions between the attributes of object movement and visual features, 

such as global form or local details, may be necessary to understand the role of this 

region in representing semantic information. 

 

 

 



 

CHAPTER 8 
DISCUSSION  

Frontal-Executive Changes in Word Retrieval with Age 

A major finding of the current study is that older adults demonstrate a larger frontal 

network of activity during word retrieval than younger adults.  Not only do older adults 

show greater activity in left hemisphere regions traditionally associated with language 

(i.e., bilateral rostral cingulate zone and SMA), but they demonstrate less lateralization of 

activity characterized by increased right frontal activity.  In particular, older adults show 

greater activity in Broca’s homologue (BA 45) in the right hemisphere, an anterior region 

of the right inferior frontal gyrus, and the right anterior cingulate.  Increased frontal 

activity in older adults compared to younger adults provides support for our first 

hypothesis, which states that activity in the medial and/or lateral frontal cortices of the 

left hemisphere will be greater in older relative to younger adults, but extends differences 

in activity to include the right hemisphere.  This finding suggests that word retrieval 

difficulties in older adults are due to a deterioration of the neural substrates for executive 

language processes.  Given that both medial (bilateral rostral cingulate zone and SMA, 

and right anterior cingulate) and lateral (right inferior frontal gyrus) regions showed 

increased activity in older adults, we are unable to specify the degree to which executive 

functions associated with these regions (i.e., initiation and selection of competing 

responses vs. retrieval of semantic information) contribute to the changes seen in older 

adults.  Further research is needed to more clearly distinguish between the role of 

initiation and selection in word retrieval difficulties experienced by older adults.  Given 

101 
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that Crosson et al. (2001) reported a shift in activity from medial (pre-SMA) to lateral 

(inferior frontal sulcus) regions based on internally vs. externally constrained word 

generation tasks in younger adults, it is possible that the bilateral rostral cingulate zone 

activity in older adults reflects a change in the role that external constraint has on naming 

associated with aging.  In other words, perhaps picture naming requires greater internal 

generation in older adults, similar to the level of internal generation needed during word 

generation in younger adults.  Notably, both the younger and older adults activated 

Broca’s area to a similar degree, indicating that while older adults engage additional right 

hemisphere regions, they continue to rely on traditional language regions of the left 

hemisphere. 

Although the increased right frontal activity in the older adults was not predicted, 

the decreased lateralization seen in the older adults is consistent with Cabeza’s (2001) 

Hemispheric Asymmetry Reduction in Old Adults (HAROLD) model.  Recruitment of 

contralateral areas in the right hemisphere may reflect a compensatory mechanism for 

reduced efficiency of functioning.  This interpretation is supported by the fact that older 

and younger adults did not differ in accuracy of naming during the FMRI experiment, but 

older adults took longer to respond, suggesting increased engagement in search strategies.  

Several studies have reported that additional bilateral activity in the prefrontal cortex for 

older adults corresponds to higher performance in older adults (Cabeza, 2002; Cabeza et 

al., 2002; Reuter-Lorenz et al., 2000; Reuter-Lorenz et al., 2002; Rosen et al., 2002).  

Engagement of neural substrates of executive functions in the right hemisphere may 

assist in resolving difficult task demands.  Additionally, studies of language rehabilitation 

post-left CVA (cerebral vascular accident) suggest that the right hemisphere’s ability to 
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perform functions previously localized to the left hemisphere assists in the restoration of 

language ability (Cao et al., 1999; Crosson et al., under review; Heiss et al., 1999; 

Richards et al., 2001).   

An alternative interpretation of increased right frontal activity in aging suggests 

that perhaps older adults are less able to use the right basal ganglia to suppress right 

frontal activity during language production and the right frontal activity interferes with 

word production.  The only area of activity elicited by the interaction of age and category 

resulting from the 2 (group) by 3 (category) repeated measures ANOVA was a small area 

(337 µl) in the body of the right caudate nucleus (Maximum Intensity xyz = 22, -7, 28) at 

p < .005.  The HRF analysis indicates that younger adults demonstrate a greater 

amplitude of response for all three categories compared to older adults in this region 

[main effect of group: F(1, 35) = 4.11, p = .050].  Although the activity in the right 

caudate was below our established criterion for a posteriori analyses, previous literature 

suggests that it is difficult to show reliable activity in the caudate and thalamus (Crosson 

et al., 2003; Ojemann et al., 1998; Palmer et al., 2001; Rosen et al., 2000; Warburton et 

al., 1996).  The reason for decreased reliability in these structures is uncertain, but 

sensitivity in this subcortical area appears more limited than in cortex.  There may be 

tasks that activate the caudate more strongly than naming.  However, activity of the right 

caudate nucleus may explain differences in frontal activity between older and younger 

adults. 

Decreased right caudate activity in the older adults for picture naming can be 

interpreted in light of recent neuroimaging data on word generation.  Crosson et al. 

(2003) described a loop consisting of the dominant (left) pre-SMA, dorsal caudate 
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nucleus, and ventral anterior thalamus that is involved in generating words, but not in 

generating nonsense syllables.  They concluded that the dominant pre-SMA—dorsal 

caudate—ventral anterior thalamic loop is involved in biasing selection toward a 

particular pre-existing lexical representation during word generation when multiple 

choices are possible.  Crosson et al. (2003) also found robust activity in the nondominant 

(right) basal ganglia in the absence of significant nondominant frontal activity during 

word generation but not during nonsense syllable generation.  These data were 

interpreted as evidence that the right basal ganglia mediate suppression of right frontal 

activity by the left pre-SMA during word generation to prevent interference with left-

hemisphere processes.  The proposed roles of the basal ganglia (i.e., maintaining response 

biases and suppressing right frontal activity) are consistent with conceptualizations of the 

basal ganglia as facilitating desired and suppressing undesired behaviors (e.g., Gerfen, 

1992; Mink, 1996; Penny & Young, 1986).  Although the role of the pre-SMA—dorsal 

caudate—ventral anterior thalamic loop has not been verified in object naming, the 

decrease in right caudate activity for older adults as compared to younger adults may 

result in reduced suppression of right frontal activity and therefore contribute to the 

increase in right frontal activity in older adults during the naming task.   

Despite Crosson et al.’s (2003) position that the right basal ganglia’s suppression of 

right frontal activity serves to prevent right frontal structures from interfering with 

language production, whether this process serves the same function has not been studied 

in aging.  In fact, reduced suppression of right hemisphere activity may be adaptive in 

aging.  The role of the nondominant basal ganglia may change with age to allow the 

expression of right frontal structures to compensate for reduced functioning.  In spite of 
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these alternative interpretations, the question remains whether the right hemisphere 

contributes to word finding or whether right hemisphere activity reflects problems with 

focusing attention to select a word and a failure of right hemisphere suppression that 

underlies word retrieval problems. 

Differences in performance between older and younger adults on the 

neuropsychological language tasks provide additional support for the deterioration of 

executive functions in older adults.  Compared to younger adults, older adults performed 

significantly worse on the lexical fluency task and category switching task in the D-

KEFS Verbal Fluency Test and on Ambiguous Sentences from the TOLC-E.  Both tasks 

require the ability to search lexical-semantic stores and maintain and manipulate lexical-

semantic information online.  The increase in repetition errors and set loss errors across 

all word generation tasks (lexical and semantic retrieval and category switching) suggests 

difficulty with cognitive control.  Additionally, older adults demonstrated a decreased 

ability to learn new information (as assessed by the HVLT).  Taken together, 

performance on these measures may reflect global differences in the neural substrates of 

frontally-mediated cognitive processes that are not restricted to executive functions of 

language but include learning and memory.  Given that neuroanatomical correlates of 

aging are most pronounced in the frontal lobe, changes in functional activity during 

picture naming in frontal structures are not surprising and lend support to the frontal 

hypothesis of aging (West, 1996).    

The ability to discriminate changes in activity that represent differences in 

cognitive processes from changes in activity that represent physiological changes due to 

aging is a challenge for FMRI research, especially since neuroanatomical changes of 
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aging may implicate neurovascular coupling.  We attempted to decrease the possibility of 

confounding compromised vascular responses with changes in cognitive processing by 

including only subjects who demonstrated normal activity in the left sensory-motor 

cortex during a finger tapping task.  However, the examination of the averaged 

hemodynamic response function in regions of interest is crucial to inform interpretations 

of age-related changes in activity. The HRFs for the bilateral rostral cingulate zone and 

Broca’s area homologue in the right hemisphere differed significantly between groups.  

Interpretation of these differences is somewhat challenging since our ability to compare 

differences in rise time to peak of the HRFs was compromised by motion artifact in the 

first two images due to speaking.  Nevertheless, older adults showed a more extended 

HRF and slower return to baseline in each area.  The extended HRF seen in older adults 

in both regions may reflect slower processing or recruitment of resources.  Peak 

amplitude was similar between groups in the rostral cingulate zone, but the amplitude in 

Broca’s homologue was larger in older adults compared to younger adults, which 

suggests that a different deployment of resources may occur for older adults to perform 

comparably to younger adults. 

The comparisons of activity between age groups were performed using area under 

the hemodynamic curve as the dependent variable.  Because area under the curve 

averages signal intensity over the length of the HRF, it tends to equate the normative 

hemodynamic curve for aging to the normative hemodynamic curve for younger adults.  

For example, since intensity values corresponding to an undershoot act to cancel out the 

average intensity in the AUC calculation, it is possible that an HRF with a quick rise to 

peak and fall to baseline with an extended undershoot may have the same average 
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intensity value as an HRF with an extended rise and fall and minimal undershoot.  We 

chose AUC as the dependent variable to reduce the likelihood of attributing physiological 

differences in the HRF to cognitive differences between groups.  However, there is no 

perfect solution to ensure that age comparisons of cognition are not complicated by 

physiological changes that may affect the BOLD signal.  Current findings highlight the 

need for the continued development of analysis techniques to accurately characterize 

differences in the BOLD response between younger and older adults. 

Temporal Substrates of Semantic Representation 

Differences in activity between older and younger groups in word retrieval were 

primarily restricted to the frontal lobes and perisylvian language regions.  The lack of an 

age-associated difference in the inferior temporal cortex indicates that older and younger 

adults do not differ in terms of how the posterior substrates for semantic functions 

operate.  Therefore, the current results do not support our second hypothesis, which states 

that activity for older adults will be significantly less lateralized in the posterior fusiform 

gyrus and/or more diffuse in the anterior fusiform gyrus, characterized by less medial vs. 

lateral distinction than for younger adults.  Findings do not suggest that word retrieval 

difficulties in older persons are due to deterioration of information in the neural 

substrates for semantic processes.  In contrast, semantic processes appear well-preserved 

in the present group of relatively high functioning older adults.  

Since older and younger adults did not demonstrate differences in activity for 

semantic categories in the inferior temporal cortex, the groups could be combined to 

investigate the organization of semantic information in the inferior temporal cortex in 40 

participants.  Results confirm the role of the fusiform gyrus in semantic representation 

and extend our knowledge of the organizing dimensions of semantic information.  

 



108 

However, the hypothesized dissociation between the posterior and anterior fusiform 

gyrus according to processing visual attributes and category, respectively, was not found.  

In contrast, results suggest a somewhat less complex model of semantic representation.  

Partial support was found for our hypothesis regarding the anterior fusiform gyrus, which 

states that animals will activate the lateral portion of the fusiform gyrus bilaterally more 

than tools or vehicles because animals, but not tools or vehicles, are living things while 

both tools and vehicles will activate the medial portion of the fusiform gyrus bilaterally 

more than animals because tools and vehicles, but not animals, are nonliving things.  

Animals activated an anterior region in the right lateral fusiform gyrus compared to tools 

and tools activated an anterior region of the left medial fusiform gyrus compared to 

animals.  However, the medial/lateral distinction for tools and animals, respectively, was 

not found bilaterally.  This partially replicates the findings of Chao et al. (1999) and Ishai 

et al. (1999).  Notably, vehicles activated a large region of the medial fusiform gyrus 

bilaterally extending the length of the fusiform gyrus anteriorly to the collateral sulcus 

and parahippocampal gyrus in comparison to both animals and tools.  The dominance of 

activity for vehicles in both the left and right fusiform gyrus compared to animals and 

tools was not expected.   

Our hypothesis regarding the role of the posterior fusiform gyrus in processing 

global and local visual attributes was also partially supported.  Specifically, we 

hypothesized that in the right posterior fusiform gyrus, processing of both animals and 

vehicles would evoke significantly greater activity than processing of tools because 

identification of animals and vehicles, but not tools, is based on processing of global 

visual form and in the left posterior fusiform gyrus, processing of tools would evoke 
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significantly greater activity than processing of animals and vehicles because 

identification of tools, but not animals or vehicles, is based on processing of local visual 

form.  Our results suggest that the right-left lateralization for processing global and local 

form, respectively, is not restricted to the posterior region of the fusiform gyrus, but 

instead guides semantic representation throughout the entire fusiform gyrus.  This is 

evident in the comparison of animals and tools, in which animals activate the right 

fusiform gyrus and tools activate the left fusiform gyrus.  In fact, this left-right distinction 

is not restricted to the fusiform gyrus but includes the lateral temporal cortex as well.  

Animals showed greater activity than tools in the right middle temporal gyrus, whereas 

tools and vehicles exhibited greater activity in the left middle temporal gyrus compared 

to animals.  Interpretation of the activity for vehicles is slightly more difficult.  Bilateral 

activity for vehicles compared to both animals and tools suggests that vehicles are 

processed by both global and local visual attributes, despite our attempt to experimentally 

manipulate the members of the categories based on pilot data.  In fact, the functional 

imaging data are consistent with our pilot data and suggest that vehicles comprise an 

intermediary category between tools and animals in that both global and local details are 

utilized in identification.  The greater extent of activity for vehicles compared to animals 

and tools suggests that perhaps vehicles require more processing resources because their 

visual characteristics overlap with both tools and animals.  If this is the case, the anterior 

extent of activity bordering on the parahippocampal gyrus for vehicles may represent 

iterative feedforward and back-propagation processing consistent with spread of 

activation models.   
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There are several possible explanations for the differences between the current 

findings and those reported by Chao et al. (1999) and Ishai et al. (1999).  Analysis 

procedures may account for different results.  Namely, we performed group analyses on 

40 individuals, adding to our power to detect differences, whereas the previous studies 

employed single-subject analysis techniques.  Methodological differences may also 

account for the disparity of results related to category.  The prior studies did not account 

for global and local features of their stimuli to distinguish category from attribute.  

Perhaps our manipulation of categories according to the degree to which animals and 

vehicles depend on global form and tools depend on local details for identification 

increased the influence of features in semantic processing such that visual form became a 

dominant factor for object identification and exerted a lateralized bias on a system that 

may otherwise represent category knowledge bilaterally. 

Although the focus of the current investigation was on the role of the fusiform 

gyrus in semantic representation, it must be noted that activity for semantic knowledge 

was distributed throughout the brain, including the right inferior frontal sulcus, left 

inferior parietal lobe and lateral temporal cortex.  Tools activated the left inferior parietal 

lobe compared to vehicles and animals.  This region has been associated with knowledge 

of the use of tools and lesions to this area often result in apraxia, the loss of skilled motor 

programs needed to use objects (Heilman & Valenstein, 1993).  Animals activated the 

right inferior frontal sulcus compared to tools and vehicles.  The prefrontal cortex has 

been divided according to a ventral portion, responsible for object memory, and a dorsal 

portion, responsible for the spatial memory, similar to the distinction between the ventral 

visual stream and dorsal spatial stream in the posterior cortex (Belger et al., 1998; Wilson 
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et al., 1993).  Therefore, processing of global form may extend as far anteriorly as the 

right inferior frontal sulcus given that both animals and vehicles activated this region 

more than tools.  

To summarize the current findings of semantic representation, results support the 

matrix theory and suggest inclusion of the role of global and local visual attributes in 

semantic organization.  Because visual attribute was examined independent of semantic 

category (i.e., nonliving category shared similar attributes with living category), the 

current study was able to dissociate the roles of category and attribute to inform a model 

of visual semantic organization.  As such, we interpret the data to suggest that the 

fusiform gyrus may have more than one organizing principle of semantics; the semantic 

system is organized according to category domain and visual attribute.  Categories are 

organized by a medial vs. lateral distinction in the fusiform gyrus and visual attribute is 

lateralized to the right or left hemisphere according to degree of global versus local detail 

needed for object identification.  Although object recognition has traditionally been 

explained as a result of hierarchical processing (Humphreys et al., 1994) consistent with 

sequential modular models, current results raise the possibility that processing within the 

fusiform gyrus occurs in a distributed manner involving co-activation of multiple 

components of semantic knowledge, such as visual attribute and category, to derive the 

name of an object.  Of note, selectivity in the fusiform gyrus for animals, tools and 

vehicles reflected differences in the degree of activity between categories rather than all-

or-none responses.  In other words, regions selective for one category were activated to a 

lesser degree by the other categories.  Consistent with previous reports (Ishai et al., 
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1999), this provides further support that object knowledge is distributed within the 

fusiform gyrus.  

Conclusion 

Identification of the underlying mechanisms of word retrieval problems in aging is 

critical to understanding the nature of cognitive aging and possible contributors to 

cognitive decline.  Results show that compared to younger adults, older adults show more 

widespread activity in the frontal lobes with decreased lateralization during word 

retrieval.  The lack of an age-related difference in the inferior temporal cortex indicates 

that older and younger adults do not differ in terms of how the presumed substrates for 

semantic functions operate.  Results also support the role of features (visual attribute) and 

category in the organization of semantic information.  Findings indicate that categories 

are processed in the lateral and medial regions of the fusiform gyrus according to whether 

they are living (animals) or nonliving (tools, vehicles), respectively.  In contrast, visual 

attributes of global form (animals) are processed more by the right fusiform gyrus and 

local details (tools) are processed more by the left fusiform gyrus.  When both attributes 

are relevant to processing (vehicles), cortex from both left and right fusiform gyri is 

active.  Taken together, these findings suggest that a deterioration of executive functions, 

such as selecting, retrieving, and manipulating lexical-semantic information, underlies 

age-related changes in word retrieval while the organization of semantic information 

remains relatively preserved in aging.  Further research is needed to examine the specific 

components of executive functions responsible for age-related word finding problems. 

Elucidation of the contribution of executive functions to word-finding problems will 

inform the development of effective interventions to promote efficient communication in 

healthy older adults as well as individuals with more severe language impairments 
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resulting from stroke or Alzheimer’s disease.  Similarly, current results inform our model 

of semantic representation, and this model may be applied to the study of semantic 

memory impairments associated with mild cognitive impairment and Alzheimer’s 

disease.  

 



 

APPENDIX A 
ADDITIONAL HRF ANALYSES FOR MAIN EFFECT OF AGE IN FRONTAL 

CORTICES 

For the HRF analyses, the 2 (group) x 11 (image number) interaction was 

significant for the bilateral supplementary motor area [F(10, 380) = 5.30, p = .000], right 

inferior frontal gyrus [F(10, 360) = 2.53, p = .006] and right anterior cingulate [F(10, 

380) = 7.55, p = .000] 

 

 
Figure A-1. Region of the bilateral supplementary motor area activated by older adults 

relative to younger adults during picture naming, red = p < .005, yellow = p < 
.001, along with corresponding hemodynamic response functions (HRFs) for 
older and younger adults.  Note: the first two images are excluded from the 
HRF to reduce motion artifact.  Asterisks indicate images in which a 
significant (p < .05) group difference was found based on follow-up student’s 
t-tests. 
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Figure A-2. Region of the right inferior frontal gyrus activated by older adults relative to 

younger adults during picture naming, red = p < .005, yellow = p < .001, 
along with corresponding hemodynamic response functions (HRFs) for older 
and younger adults.  Note: the first two images are excluded from the HRF to 
reduce motion artifact.  Asterisks indicate images in which a significant (p < 
.05) group difference was found based on follow-up student’s t-tests. 

 

 
Figure A-3. Region of the right anterior cingulate gyrus activated by older adults relative 

to younger adults during picture naming, red = p < .005, yellow = p < .001, 
along with corresponding hemodynamic response functions (HRFs) for older 
and younger adults.  Note: the first two images are excluded from the HRF to 
reduce motion artifact.  Asterisks indicate images in which a significant (p < 
.05) group difference was found based on follow-up student’s t-tests. 

Although the hemodynamic response functions (HRFs) in the bilateral 

supplementary motor area and right inferior frontal gyrus represent the typical, although 
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more gradual, shape of an event-related hemodynamic response, the HRF in the right 

anterior cingulate does not appear like the normal event-related response.  This difference 

is difficult to interpret, but the gradual increase in the HRF for younger adults may reflect 

a degree of anticipation of trials that does not occur in older adults. 

 

 



 

APPENDIX B 
EXPLORATORY ANALYSIS FOR MAIN EFFECT OF CATEGORY  

Table B-1. A Posteriori Volumes of Tissue (>200 µl) Showing Differential Responses to 
Animals, Tools, and Vehicles for Main Effect of Category, p < .001. 

 
Region 
 

 
Hemisphere 

 
Peak talairach coordinates 

(x, y, z) 

 
Volume 

Frontal Cortex    
   Inferior frontal sulcus R (40, 14, 27) 1207 µl 
   Middle frontal gyrus L (-24, -8, 60) 525 µl 
   Anterior cingulate R (4, 39, -1) 345 µl 
   Cingulate gyrus L (-7, -35, 43) 313 µl 
    
Limbic Areas    
   Posterior cingulate R (16, -50, 19) 344 µl 
   Insula L (-39, -13, 8) 228 µl 
    
Sensory-Motor Cortex    
   Post-central gyrus R (60, -18, 37) 2474 µl 
 L (-26, -44, 59) 328 µl 
   Pre-central gyrus L (-45, -7, 21) 218 µl 
    
Temporal Cortex    
   Middle temporal gyrus L (-51, -55, -2) 2493 µl 
   Inferior temporal gyrus R (43, -70, 2) 499 µl 
    
Parietal Cortex    
   Inferior parietal lobe L (-57, -33, 35) 6797 µl 
 R (33, -39, 41) 293 µl 
   Angular gyrus L (-27, -72, 30) 1817 µl 
 L (-48, -68, 22) 419 µl 
    
Occipital Cortex    
   Middle occipital gyrus R (32, -85, 19) 1554 µl 
 R (27, 90, 2) 365 µl 
 L (-28, -87, 6) 319 µl 
   Lingual gyrus R (20, -75, -11) 203 µl 
   Cuneus R (5, -89, 17) 214 µl 
    
Subcortical Structures    
   Caudate nucleus L (-4, 9, 1) 404 µl 
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Note. Italics indicate regions also significant at p < .0001 and reported previously in text. 
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