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ABSTRACT

AN INVESTIGATION OF THE PREFRONTAL CORTEX FUNCTION THEORY OF

COGNITIVE AGING

By

Julie Daugherty Simensky

The particular vulnerability of the prefrontal cortex to age-related deterioration

has been frequently posited as an explanation for functional decline in aging. West’s

(1996) prefrontal cortex firnction theory of cognitive aging maintains that age-related

decline in cognitive processes supported by the prefrontal cortex emerge at an earlier

age and are of greater magnitude than age-related declines observed in cognitive

processes supported by nonfrontal regions. In this study, four specific processes

underlying prefrontal cortex fiinction (prospective memory, retrospective memory,

interference control, and inhibitory control) were theorized to account for age-related

declines in a number of cognitive functions, including verbal memory. This study

investigated to what extent these four prefrontal cortex processes were discernable and

the mediating role they played between age and verbal memory. One hundred nine

healthy older adults, aged 55-88 years, completed multiple performance measures

thought to evaluate prefrontal cortex function, verbal memory, and depression.

Exploratory factor analyses indicated a two-factor model of prefrontal cortex function

that was only marginally consistent with West’s proposed model. These two factors

were: 1) a factor containing measures of interference control, sustained attention,

processing speed, and inhibitory control; and 2) a working memory factor. Structural



equation modeling analyses indicated that this two-factor measurement model strongly

mediated the relationship between age and verbal memory performance. Verbal

memory performance decreased as a result of poorer prefrontal cortex function

performance with older age. Results suggested that despite difficulties in the specific

and selective measurement of prefrontal cortex function, there is strong support for the

hypothesis that cognitive aging is highly dependent on the integrity of prefrontal cortex

functions.



In memory ofmy father, Richard A. Daugherty
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INTRODUCTION

A substantial body ofresearch has identified measurable declines in some cognitive

abilities with normal aging. There is growing evidence that the process ofnormal aging

may be linked to a selective decline in cognitive functioning associated with the frontal

lobes, particularly the prefrontal cortex. Substantial neural changes occur with advancing

age and evidence demonstrates that the prefrontal cortex is more sensitive to the effects of

aging than other cortical regions (Haug & Eggers, 1991). Furthermore, persons with age-

associated memory impairment demonstrate disproportionate decline in frontal lobe

functioning as assessed by both neuropsycholgoical tests and neuroirnaging studies

(Hanninen et al., 1997). West (1996) proposed a prefrontal cortex function theory of

cognitive aging which incorporated existing theory and research. This theory states that

the prefrontal cortex is responsible for the integration, formation, and execution of

complex, novel behavioral structures or temporal gestalts, which support the direction of

behavior in an orderly, purposeful manner. The normal aging process interferes with the

secondary processes which contribute to this integrative function. The overall purpose of

this study is to investigate the applicability of this prefrontal cortex firnction theory of

cognitive aging to a sample of healthy older adults. The specific questions were: 1) to

what extent do the data fit the model of prefrontal cortex function decline with age; and 2)

are the secondary processes which contribute to the overall integrative function ofthe

prefi'ontal cortex discernible in older adults?

Neurobiology ofthe Aging Prefiontal Cortex

Structural Changes in the Aging Brain

The aging brain loses weight, volume, and neurons. Morphological changes in the

aging brain have been examined by a wide range oftechniques, from measurement ofthe



gross anatomical volume of various regions to evaluation of synaptic density and integrity

and neurochemistry (West, 1996). Morphological study evidence of a general decrease in

gross brain volume reaching significance in the 7th decade of life has been well

documented (Haug & Eggers, 1991; Raz, 1996). The greatest regional differences in the

degree ofvolume reduction, estimated to be 10-17%, are found in the prefrontal cortex.

This is compared to volume reductions in the temporal, parietal, and occipital cortices, all

estimated at 1% (Giaquinto, 1988; Guttman et al., 1998; Haug et al., 1983; Haug &

Eggers, 1991; Raz et al., 1997). These volume reductions are the result ofa reduction in

neuron size rather than fi'om an actual loss ofneurons (Haug & Eggers, 1991). With

advancing age, all areas ofthe cortex evidence reduced neuronal size; however, earlier and

more severe reductions in neuron size are observed in the frontal cortex, when compared

to the parietal, temporal, or primary visual cortex.

Scheibel et a1. (1975) have described how neurons proceed through a series of

degenerative changes with advancing age which may explain the origin of reductions in

neural size with advancing age. Neurons appear to undergo subtle alterations with

progressive loss of horizontally oriented dendritic systems in areas that are known to

receive specific synaptic terminals. At the same time, this loss is accompanied or preceded

by the irregular swelling ofthe soma and major dendrites (Scheibel et al., 1975). This loss

of dendritic arborization and the cellular decrease are believed to impair the

communication capabilities ofthe nervous tissue. Reviewing studies on neural depletion

in aging, Squire (1987) suggested that "losses from the prefrontal cortex may be sizable,

even in terms of a daily estimate" (p.119). West (1996) concluded that the reduction in

neuronal size with advancing age could result from the loss ofconnective processes ofthe

neuron.

With advancing age, an increased number of pathological structures in the brain

accompanies the reduction in cortical volume. Senile plaques and tangles increase in

number throughout the life span in both humans and non-human primates (West, 1996).



In post-mortum studies, Struble et al. (1985) measured the origin and regional distribution

of senile plaques in non-human primates revealing greater numbers in the prefrontal and

temporal cortices compared with the posterior, frontal-parietal, or hippocampal regions.

Furthermore, these researchers suggested that the most mature plaques were located

within the prefrontal and temporal regions. Similar results were reported by Heilbroner

and Kemper (1990) who noted that highest concentrations of senile plaques were

observed in the frontal areas in non-human primates. Thus, in contrast to Alzheimer's

disease where plaques are predominantly found in the hippocampus, locus coeruleus,

nucleus basalis, and association cortex, healthy non-human primates demonstrate greater

concentrations in the frontal and temporal cortices (Giaquinto, 1988; West, 1996).

Other white matter changes in normal aging have been documented. Studying

MRI findings of periventricular high-signal intensity patterns in a sample ofhealthy, older

adults over age 60, Gerard and Weisberg (1986) found that 10% had periventricular

lesions. These lesions were localized to the anterior frontal regions in all cases. This

percentage increased to 31% when patients having risk factors but no cerebrovascular

symptoms were included. Furthermore, neuroirnaging has indicated demyelination in the

periventricular white matter connected to the anterior frontal horns (Gerard & Weisberg,

1986; Giaquinto, 1988; Guttman et al., 1998).

A number ofregion-specific declines in the synthesis, concentration, and number of

receptor sites for some neurotransmitters associated with cognitive functioning occur with

advancing age. Some have demonstrated greater changes in neurotransmitter systems

with advancing age within the frontal cortex in both humans and non-human primates

(DeKosky et al., 1985; Fuster, 1998; Goldman-Rakic & Brown, 1981; Marcusson et al.,

1984; Suhara, 1990; Wong, et al., 1984). However, others have failed to confirm such

effects (Giaquinto, 1988).

Function_al Chan es in the ' Brain



Two neuroirnaging methods have been primarily used to study the fimctional

integrity ofthe aging brain. The Xenon133 inhalation (Xe) method measures the rate of

regional cerebral blood flow (rCBF) or oxygen use in the cortex. A newer and less

utilized method, positron emission tomography (PET) measures both cerebral blood flow

and glucose metabolism. Utilizing Xe and the PET oxygen monitoring methods,

consistent declines in rCBF with advancing age have been documented (Gur et al., 1987;

Meyer et al., 1994; Shaw et al., 1984; Warren, Butler, Katholi, & Halsey, 1985). This

age-related reduction in rCBF during a resting state has been estimated to exceed 27% in

some cortical regions (Shaw et al., 1984). Specifically, in young and early middle-aged

participants (under age 45), a pattern of hyperfiontality, characterized by greater blood

flow in the anterior versus the posterior cortical regions is frequently observed.

However, in older participants, this pattern is reversed, referred to as hypofrontality. This

finding has been demonstrated in both cross-sectional and longitudinal studies (Gur et al.,

1987; Shaw et al., 1984). The greatest reduction in rCBF has been observed in the

prefrontal and temporal cortices, or selectively in the left-anterior cortex in cross-sectional

studies (Gur et al, 1987; Warren, Butler, Katholi, & Halsey, 1985). Shaw et al.'s (1984)

longitudinal study demonstrated that over a 4-year period, during which time participants

remained healthy, significant reductions in rCBF were observed only in the prefrontal

cortex. Furthermore, this study also showed an interaction between the effects ofnormal

aging and the degree ofcerebrovascular disease in relation to rCBF. For participants

younger than 70 years, the presence ofincreasingly severe cerebrovascular disease

resulted in increased declines in rCBF. For participants older than 70 years, this

interaction was not observed, suggesting that the effect of cerebrovascular disease may be

more deleterious during the middle and early-late adult years (West, 1996). Together,

these results demonstrate that with advancing age, rCBF at rest is selectively reduced,

especially in the frontal cortex.



Changes in rCBF with age have also been documented during the performance of

cognitive tasks. For all participants, an increase in rCBF is evidenced while performing

cognitive tasks such as mathematical calculations, verbal analogies, and verbal memory

tasks (Gur et al., 1987; Raglund et al., 1997; Warren et al., 1985). Age-related differences

in the magnitude or pattern of activation have not been observed in response to cognitive

demands, despite consistent declines in resting rate ofrCBF (Gur et al., 1987; Warren et

al., 1985). However, neither ofthese studies considered the impact ofbehavioral

performance. Raglund et al. (1997) examined PET rCBF change during working and

declarative memory in relation to task performance and found that activational patterns

diverged when performance was considered. High performers on tasks ofworking

memory activated frontal dorsolateral and inferior regions whereas high performers on the

declarative memory task activated only the occipitotemporal region. Notably, older adults

were not included in this study; however, based on previously reviewed findings, it could

be hypothesized that different activational patterns may be evidenced by older adults.

Specifically, because ofthe well-documented prefrontal neural decline, less divergence in

activational patterns according to task performance would be expected. Grady et al.

(1995) obtained results from their rCBF study ofyoung and old adults during encoding

and recognition of faces which partially supported this hypothesis. Young adults (M = 29

years) showed increased rCBF in the right hippocampus and left prefrontal and temporal

cortices during encoding and in the right prefrontal and parietal cortex during recognition.

Older adults (M = 69 years) demonstrated no significant activation in areas activated

during encoding in young adults but did show right prefrontal activation during

recognition.

As previously mentioned, evidence from PET glucose metabolism studies is less

definitive. Some studies demonstrate trends towards reduced rates of cerebral metabolism

with age when young and old participants are compared, with increased reduction being

evidenced in the frontal regions (de Leon et al., 1983; Kuhl, Metler, Rieger, & Hawkins,



1984). Other research has shown preserved glucose metabolism with advancing age in

healthy adults (de Leon et al., 1984).

In summary, studies utilizing both Xe and PET methods have generally found age-

related decreases in oxygen use; however, PET studies have not typically demonstrated

significant age-related changes in glucose metabolism (West, 1996). Both theoretical and

methodological reasons have been offered to explain this inconsistency. Roland (1984)

proposed that although oxygen utilization and glucose metabolism are closely related in

young— and middle-age, they become "decoupled" in older adults. Methodologically,

differences in sample characteristics could explain differences in study findings. West

(1996) suggests that participants in the Xe studies may not have been screened as strictly

as those in the PET glucose metabolism studies. Furthermore, because ofthe economic

and ethical costs ofPET studies, smaller numbers of participants are used, which may

result in insufficient power to detect meaningfiil differences between young and old

participants.

There has been a recent proliferation of functional magnetic resonance imaging

(MRI) studies that have demonstrated strong support for the fi'ontal aging hypothesis.

Grady et al. (1994) have demonstrated that older adults show greater cortical activation

outside ofthe prefrontal cortex when compared to younger adults during a spatial

working memory task. Greater left prefrontal activity during a verbal encoding task and

greater right prefrontal activity during a retrieval task demonstrated by younger adults was

not seen in a sample of older adults (Cabeza et al., 1997; Tulving, et al, 1994).

Comparitively, older adults demonstrated little prefrontal activity during encoding but

engaged bilateral prefrontal activity during retrieval. Madden et al. (1999) found that

during a recognition verbal memory task, younger adults demonstrated primarily right

prefrontal activation when compared to a more bilateral pattern of prefrontal activation

demonstrated by older adults. Renter-Lorenz (2000) studied PET activation patterns of

younger and older adults during both letter identity and spatial location memory tasks.



Younger adults showed left-sided frontal activation for the letter identity task and right-

sided frontal activation for the spatial location task, whereas older adults showed bilateral

frontal activation during both tasks. A possible explanation for these findings is that

prefi'ontal cortex functioning is selectively impaired in older adults and that the effort to

recruit all available prefrontal resources results in increased activation of prefrontal and

some non-prefrontal areas in older but not younger adults.

Taken together, these data suggest substantial structural and probable functional

changes in the cerebral cortex ofhealthy older adults. This provides considerable

morphological and functional support for a prefrontal cortex theory of cognitive aging.

Cognitive Functions ofthe Prefi'ontal Cortex

Harlow (1868) was one ofthe first to describe the changes in behavior and

personality resulting from prefrontal damage in reports of his patient, Phineas Gage. The

nature offimction(s) ofthe prefrontal cortex have been the center ofmuch focus and

debate. Some have suggested that few if any cognitive functions are controlled by the

prefi'ontal cortex, based on frequent observations that little 'or no change occurs in some

humans and animals after prefrontal insult (Stuss & Benson, 1986). Others, such as Luria

(1980), have theorized that the prefrontal cortex supports the highest level of cognitive

organization, serving as the central executive ofthe brain. Early theory and description of

prefrontal cortex fimction was based on observations of survivors offrontal lobe damage

or animal studies. More recent advances such as neuroirnaging have allowed for more

precise examination and subsequent elaboration ofknowledge ofthe prefrontal cortex.

Clinically, descriptions ofchanges as a result ofprefrontal damage include

disruption of: initiation, planning and goal selection, attention, memory, anticipation,

abstraction, use of feedback, and self-awareness (Fuster, 1998; Luria, 1980; Stuss &

Benson, 1984; Perecman, 1987; Shimarnura, Janowsky, & Squire, 1991; West, 1996).

Luria (1973) described one ofthe more prevalent deficits related to prefrontal damage as



the fragmentation of complex behavior and action sequences. While individual units that

comprise an action sequence are able to be performed perfectly, there is a lack of structure

and goal directedness. Furthermore, complex behavior is fragmented by a disruption of

the temporal gestalt (Fuster, 1998); a temporal guideline cannot be formed to direct

individual behavioral units required for task completion. For example, a person with a

prefrontal injury may be able to complete any individual house cleaning task in isolation

but when given a list of house cleaning tasks to perform, would have great difficulty doing

so because ofan inability to organize the requirements ofthe list efiiciently.

When behavior is not guided by temporal gestalts, a number ofbehavioral deficits

that are commonly observed in persons with prefrontal injury may occur. Stuss and

Benson (1987) have described a dissociation between self-consciousness and self-

knowledge; when a person is firlly aware ofmaking performance errors based on some

external criteria but is unable to utilize this knowledge to change her/his behavior. This

dissociation has been clearly demonstrated in studies of persons with prefrontal damage on

two common neuropsychological tests purported to measure frontal lobe functioning. The

“Wisconsin Card Sorting Task (WCST; Heaton, 1981) requires an individual to sort a

series of cards based on a continually changing rule. When a category shift occurs,

persons with prefrontal damage frequently continue to sort the cards to the now incorrect

category, despite being able to express that their behavior is incorrect (Heaton, 1981;

Stuss & Benson, 1986). In the Stroop Color-Word Naming Task (Stroop; 193 5), one

trial requires the naming ofthe color of ink in which a word is printed rather than reading

the word. Persons with prefi'ontal damage will frequently continue to read the word

rather than naming the color despite being able to explain the rule they are to follow

(Duncan, 1995; West, 1996). Taken together, these performances suggest a type ofgoal

neglect; inability to utilize knowledge of "what to do" to guide behavior. West (1996)

theorizes that this goal neglect can lead to two other types ofbehavior that are often

observed in persons with prefrontal damage: perseveration and distractibility.



Perseveration is the tendency to persist in elements of some previous task or

behavior after that response has become inappropriate. In other words, an action

sequence gets "captured" by one of its constituent parts. Distractibility is the tendency to

respond to external stimuli that are not related to achieving a goal. When this occurs, an

action sequence is "captured" by an irrelevant element in the external environment. Both

result from the disturbance and breakdown of a temporal gestalt or sequence of actions

(Fuster, 1998). Perseveration is a particularly common and noticeable consequence of

prefrontal pathology (Goldberg & Bilder, 1987; Luria, 1980; Stuss & Benson, 1984).

The Role ofthe Prefrontal Cortex in Inhibition

An inhibitory control model of prefrontal cortex function suggests that prefi'ontal

firnction is represented by processes which inhibit prepotent responses and sustain

attention. Inhibition ofprepotent responses keeps highly salient but unsuited responses

from gaining control ofa behavior or action sequence (Dempster, 1991). Inhibitory

processes also allow attention to be sustained, even while there is the risk of distraction

from external/environmental sources. Stuss and Benson (1986) highlighted the

importance ofthe prefrontal cortex in maintaining attention over time and preventing

distraction, both ofwhich allow information to be organized into workable chunks.

Furthermore, inhibitory control allows attention to be focused and sustained upon novelty

within the environment. Detection ofnovelty permits the ability to encode other

behaviorally relevant aspects ofan event, contributing to the formation ofa temporal

gestalt (West, 1996). A deficit in novelty detection not only hampers the ability to code

the beginning and end of discrete events and tag them with appropriate temporal-spatial

information (Knight & Grabowecky, 1995), it creates an experience ofthe environment in

which even common events and actions are unpredictable and unforeseen (Fuster, 1998).

Both inhibitory control and sustained attention have been demonstrated to be

related to the functioning ofthe anterior cingulate within the midprefrontal region (Posner

& Raichle, 1996). The anterior cingulate functions to assist in preparing an individual for



some anticipated event. Specifically, it allows for inhibition of an automatic response so

that a less automatic or less compatible response can be reported, such as in the Stroop

color-word naming trial. Additionally, human neuropsychological studies have shown that

damage to the right dorsolateral region has been shown to impair performance on tasks of

sustained attention (Vendrell et al., 1995) and inhibition of prepotent responses (Wilkins,

Shallice, & McCarthy, 1987). Incisa della Rocchetta and Milner (1993) demonstrated that

left dorsal prefrontal incisions impaired the ability to suppress potentially interfering items

during a verbal memory task. However, some have questioned the frontal-lobe specificity

ofthese processes because ofthe interconnections the frontal lobes have to midbrain and

brain stem attention and arousal systems (Stuss & Benson, 1986).

The Role ofPrefrorflCortex Function in Memory

The significance ofthe frontal lobes in memory fiinction has been subject to much

research and debate. Some have emphasized the primary role ofthe frontal cortex on

memory tests such as delayed response, conditioned associative learning, and memory for

temporal order (Levine, Stuss, & Milberg, 1997; Mangels, 1997; Parkin, Walter, &

Hunkin, 1995; Petrides, 1985; Schacter, 1987). Others, however, have suggested that

memory firnctions per se are not impaired in patients with frontal damage and that

decrements in performance on memory tests are secondary to disorders of attention,

problem-solving, and inhibitory control (Hecaen & Albert, 1978; Luria, 1973). Stuss and

Benson (1986) have suggested that the accumulated evidence on the role ofthe frontal

lobes in memory implies that lesions and neuronal loss do not cause a primary disturbance

ofmemory, but that they do interfere with mnestic activity. In contrast, Shimamura,

Janowsky, and Squire (1991) have concluded that specific memory disorders are the result

offrontal lobe lesions, including impaired short-term memory, free recall, metarnemory,

memory for temporal order, and source memory.

A memory-based model of prefrontal function has been proposed largely on the

basis ofevidence from non-human primate studies utilizing variations ofthe delayed-

10



response task (West, 1996). A typical delayed-response task would involve a monkey

watching while a reward was hidden at one ofa number of locations. After a delay, the

monkey is allowed to retrieve the reward. Successfirl performance requires the

maintenance ofan internal representation ofthe hidden location ofthe reward over a

delay. This representational memory, also referred to as working memory, allows the

animal to bridge the temporal gap between hiding and responding (Goldman-Rakic, 1987).

Disruption of representational memory can contribute to secondary deficits, including

perseveration and distractibility (West, 1996). If an animal cannot maintain on-line,

context-specific information to guide behavior, then its behavior is influenced by habitual,

prepotent responses (perseveration) and/or external cues (distractibility).

In addition to the non-human primate literature supporting a representational

memory deficit of prefrontal dysfimction, a computational model has been designed

(Kimberg & Farah, 1993) which has been shown to simulate performance accurately on a

number oftasks sensitive ofthe effects of prefrontal injury, including representational

memory. In this mathematical model, the strength of various associations in

representational memory is affected by prefi'ontal insult, resulting in a decreased ability to

determine the relevance of specific goals and declarative and environmental information

for task performance. Using this model, the authors successfiilly simulated performance

on the Stroop Color-Word Task, WCST, and a motor sequencing task which suggested

that the weakening ofassociations as a result of prefrontal damage provides an accurate

explanation ofmany ofthe performance deficits observed following prefrontal injury,

including representational memory.

A number of findings question the adequacy ofthe representational memory model

ofprefrontal function. Delayed-response deficits are not observed in the absence of

external distracting stimuli or competing response alternatives (Fuster, 1998). West

(1996) suggests that if the simple passage oftime and loss of access to representational

memory were suflicient to elicit the delayed-response deficit, then it should be observed
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under all conditions. Thus, a deficit in representational memory does not sufficiently

account for all of the behavioral deficits which arise after prefrontal insult. Some have

suggested that it an additional function ofthe prefrontal cortex which was previously

discussed, inhibition ofprepotent responses, accounts for these additional performance

deficits (Posner & Rothbart, 1991; Stuss & Benson, 1987).

Hierarchical Model ofPrefrontal Cortex Function

Fuster (1998) suggested that the most characteristic fimction ofthe prefi'ontal

cortex is temporal structuring ofbehavior. Accordingly, the prefrontal cortex forms a

temporal framework for any behavior that has a unifying goal or purpose in novel

situations. The most critical factor demanding the function ofthe prefrontal cortex is

time; to bridge temporal gaps. This temporal structuring ofbehavior is subserved by three

subordinate functions: provisional memory, prospective memory, and interference control

(Fuster, 1998). The two memory processes within this model represent a division of

Goldman-Rakic's (1987) representational memory aspect ofprefiontal cortex function.

The first, provisional memory, is similar to the idea of short-term or primary memory

(West, 1996). Provisional memory allows referencing of some event/action to past

experiences or to some fixture goal/action sequence. Information, which may be either

newly acquired or a reactivation of some existing memory trace, is held until a goal is

attained, providing a foundation on which the action sequence is constructed.

Prospective memory includes anticipation, foresight, or preparatory set. It

functions to operate on information derived from the provisional process to prepare the

individual for some impending response (West, 1996). The prefrontal cortex, using data

from the provisional memory process, prepares for anticipated events on the way to

achievement ofgoals.

These two types of prefrontal memory processes are distinguishable in reports of

the frequently observed dissociation of self-consciousness and self-knowledge with

prefrontal damage. The ability to verbalize the requirements of a task is preserved
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(provisional memory), however the task-relevant knowledge cannot be applied in the

direction ofbehavior (prospective memory) (Fuster, 1998). The prefrontal cortex is not

assumed to store the actual representation used to guide behavior (the outcome ofthe

provisional memory process) but rather supports the maintenance ofthis representation

stored in temporal and parietal cortices through an interaction with sub'cortical structures

(West, 1996). However, prospective memory is theorized to be highly dependent on the

prefrontal cortex, making it more susceptible to prefrontal insult.

The final component of prefrontal fimctioning according to this model is

interference control. Fuster (1998) described this as the suppression ofinfluence of

potentially interfering stimuli existing in the external enviromnent or arising from internal

sources. Impaired interference control leads to a distortion ofthe temporal gestalt.

Notably, he theorized that this process was localized within the orbitomedial prefrontal

cortex.

In summary, Fuster’s model suggests that temporal structuring ofbehavior is the

primary role ofthe prefrontal cortex. It is supported by three subordinate functions which

allow for the formation and execution oftemporal gestalts or complex behavioral

sequences that are novel to the organism. This theory was one ofthe first to address the

issue of unity and diversity ofthe prefrontal cortex and to stress the importance ofthe

temporal integration ofbehavior (Stuss & Benson, 1986).

Specialization ofFunction Within the Prefi'ongl Cortex

The prefrontal cortex is generally divided into three distinct areas: dorsolateral,

orbitomedial, and anterior cingulate. Many have speculated that various functions are

localizable to these given regions. For instance, Goldman-Rakic's (1987) work with non-

human primates has suggested that representational memory is localized to the principle

sulcus and inferior convexity. Much debate exists about the localization ofinhibitory

control processes. Some have suggested that inhibitory control, as a memory-related

process, is localizable within the dorsolateral region (Diamond, 1990) whereas others have
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suggested it is a function of the orbitomedial area (Fuster, 1998). Goldman-Rakic (1987)

has proposed that both inhibitory control and memory processes are distributed across the

substructures within both ofthe divisions ofthe prefrontal cortex. Most recently, the

anterior cingulate has been shown to be involved in preparation for an anticipated event by

inhibiting automatic responses to allow for less automatic responses to be selected

(Cabeza and Nyberg, 1997; Posner & Raichle, 1996). This effect was demonstrated most

strongly in reviewed studies that employed the Stroop task.

These findings are supported by neuroirnaging studies conducted with healthy

adults. Specifically, performance on tests ofworking memory has been associated with

disproportionately increased activity (as measures by rCBF, MRI, and PET methods) in

the dorsolateral prefrontal cortex (Smith, Jonides, Marshuetz, & Koeppe, 1998; Barch et

al., 1997; Cabeza & Nyberg, 1997; Raglund et al., 1997; Posner & Raichle, 1996;

Schumacher et al., 1996). Increased activity in the orbitomedial prefi'ontal cortex has been

associated with performance on measures of sustained attention and interference control

(Cabeza & Nyberg, 1997; Malloy, Bihrle, Duffy, & Cirnino, 1993). Performance on tasks

of selective attention and ability to inhibit prepotent responses has been associated with

increased activity in the anterior cingulate (Cabeza & Nyberg, 1997; Posner & Raichle,

1996). However, much ofthe research investigating specialization of function within the

prefrontal cortex has been conducted with individuals and animals that have focal lesions

or with healthy, young adults. Are these same functional declines evidenced in more

common cases ofglobal or generalized prefrontal damage, such as in the case of head

injury or aging processes?

The Relationship Between PrefrontaLand Non-Prefrongl Brfitm

Because ofthe interconnectedness ofthe prefrontal region to other brain regions,

it is important to ask how prefiontal regions interact with the rest ofthe brain in

accomplishing the task ofguiding purposefiil behavior. Any theory of prefrontal function

must address the separation of function between prefrontal and other brain regions. This is
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a daunting task, as the frontal lobes are one ofthe most highly interconnected areas of the

brain to both cortical and subcortical brain regions. However, evidence exists which

suggests a dissociation of some types ofmemory functions that are ascribed to damage of

the prefrontal cortex versus damage to other brain regions, primarily the medial temporal

cortex and hippocampus (West, 1996). The pattern of errors made on memory tasks

following prefrontal and hippocampal lesions is markedly different in both humans and

non-human primates (Diamond, 1990). Those with prefrontal lesions demonstrate a

characteristic pattern of returning to a previously rewarded, prepotent response. In

contrast, those with hippocampal lesions make errors that are unrelated to previous

rewarded responses. A number of studies have demonstrated that persons with prefi'ontal

damage outperform those with medial temporal damage on tasks of paired associate

learning, story recall, and diagram recall. In contrast, on memory tasks in which structure

is not inherent in the material and must be supplied by the person, such as the California

Verbal Learning Test (CVLT; Delis, Kramer, Kaplan, & Ober, 1984), individuals with

prefi'ontal damage performed significantly worse (Schacter, 1987; Shimamura, 1995;

Stuss, 1991). Moscovitch (1994) investigated cognitive resources and dual-task

interference effects at retrieval in healthy older adults, concluding that strategic memory

functions which are more resource demanding were mediated by the prefrontal cortex and

dissociated from episodic memory functions involving the medial temporal lobes and

hippocampus. More recently, Winocur, Moscovitch, and Stuss (1996) demonstrated that

explicit memory was reliant upon medial temporal functioning and was dissociated from

implicit memory, which was reliant on prefrontal cortex fianctioning.

Although evidence exists which supports the notion that clear dissociations can be

made between prefrontal cortex functioning and cognitive process supported by other

brain regions, a number of findings suggest that localization may not be as clearly defined.

Work with both animals and humans suggests that damage to the medial temporal area can

result in fimctional impairments similar to those arising from prefrontal insult (West,
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1996). Incisa della Rocchetta and Milner (1993) demonstrated that persons with

hippocampal excisions demonstrated similar impairment of free recall in unstructured

situations to individuals with left-frontal excisions. Similarly, Corcoran and Upton (1993)

demonstrated that patients with hippocampal damage performed more poorly on the

WCST than those with frontal damage. Winocur (1988) suggested that removal of the

hippocampus can result in an increased susceptibility to interference in learning paradigms.

Kopelrnan and Stanhope (1997) found that patients with temporal lobe or diencephalic

lesions demonstrated major deficits initially acquiring information and had faster long-term

forgetting rates when compared to those with frontal lobe lesions. Finally, West's (1996)

review ofthe literature on source memory led him to conclude that medial temporal insult

also results in disruptions ofmemory for context.

Furthermore, the three major divisions ofthe prefrontal cortex are highly

connected with subcortical regions; thus executive function is supported by an integrated

and synergistic system arising from parallel prefrontal-subcortical circuits. These three

parallel frontostriatal circuits underlie executive function and emotion (Denckla & Reiss,

1997). Particularly, lesions in the dorsolateral - dorsolateral caudate - globus pallidus -

thalamic circuit result in executive dysfunction as evidenced by impaired working memory.

Lesions in the orbitofrontal - ventromedial caudate - globus pallidus - thalamic circuit

result in irritability and disinhibition. Finally, lesions to the anterior cingulate - nucleus

accumbens - globus pallidus - thalamic circuit result in inertia and apathy. As such, it is

difficult to specifically ascribe any differential neuropsychological functions specifically to

neuroanatomical substrates.

The Prefrontal Cortex Theory of Cognitive Aging

As previously described, a distinct set of cognitive deficits is associated with

prefrontal cortex damage. These deficits must be accounted for by any theory of

prefrontal cortex function. Although previously reviewed theories accounted for portions

ofthe deficits observed after damage to the prefrontal cortex, none were able to account
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for all ofthe following: fragmentation of complex sequential behavior, increased

distractibility and perseveration, and insensitivity to external stimuli which leads to an

inability to modify behavior based on verbal instructions, to differentiate novelty from

familiar, and to detect temporal characteristics of information retained in the environment.

West (1996) proposed an integrative model of prefrontal cortex fiinction, incorporating

ideas from previously reviewed theories. His theory states that the function ofthe

prefrontal cortex is organized in to a hierarchy of interactive processes. Based upon

Fuster's work (1998), this theory describes that at a general level, the prefrontal cortex

supports the integration, formation, and execution ofcomplex, novel behavioral structures

or temporal gestalts. This allows behavior to be directed in an orderly, purposefirl manner

(West, 1996). This integrative fimction is supported by four secondary processes as

outlined in Table 1: provisional/retrospective memory, prospective memory, interference

control, and inhibition of prepotent responses (Diamond, 1990; Fuster, 1989; Goldman-

Rakic, 1987). The retrospective memory process maintains on-line, task-relevant

information on which the temporal gestalt is constructed. The prospective memory

process serves to prepare the person for the execution ofthe temporal gestalt in response

to appropriate external or internal cues. The interference control process serves to clear

current task inappropriate information from the retrospective memory store. The

inhibition ofprepotent responses process keeps behavior from being captured by dominant

internal response patterns or highly salient environmental stimuli. The action and

interaction ofthese four processes support a wide range of cognitive activities, including

the selection oftask-relevant information, the integration of semantic and contextual
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Table 1

Four Secondary Processes ofWest’s (1996) Prefrontal Cortex Theory ofCognitive Aging

 

Term

Retrospective memory

Prospective memory

Interference control

Inhibition of prepotent

responses

m

maintains on-line, task relevant

information on which a time-line

for action is constructed

prepares person to execute time-

line action sequence in response

to some intemal/external cue

clears action-irrelevant information

from the retrospective memory

store

prevents behavior from being

“captured” by a dominant internal

response pattern or a highly salient

environmental stimuli

Example

Recalling ingredients and steps for

a recipe.

Remembering what ingredients to

add when the timer you previously

set goes ofl".

“Clearing” the steps in the recipe

you have completed from your

mind, as well as information not

related to the task (i.e.,

ingredients/steps from the previous

recipe you completed).

Not becoming distracted by the

television or thoughts about work

that might lead to adding the same

ingredient twice or adding the

wrong ingredient.

 

information into discrete memory traces, and the planning and execution of complex,

purposefiil behavior (West, 1996).

In order for a model or theory to be of value, it must accurately depict findings

from a wide range of empirical work. It should accurately predict when age-related

deficits should be observed both at general and specific levels. A theory of cognitive aging

should be able to account for the types oftasks that should and should not demonstrate

evidence ofage-related decline, as well as be able to distinguish those task conditions that

do and do not produce age-related deficits (West, 1996). Furthermore, it should be able

to differentiate age-related declines which are the result of firnctional impairment ofthe
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prefrontal cortex versus other brain structures or some general process, such as age-

related reduced processing speed (Salthouse, Fristoe, & Rhee, 1996).

With this in mind, under which conditions would age-related deficits be expected

to arise? Mth respect to provisional or retrospective memory, deficits would be expected

when performance on a task becomes dependent on the retrieval of contextual information

about an event and less related to the semantic content ofmemory. Prospective memory

deficits would be expected to occur when task performance cannot be supported by

external cues or reminders. Finally, as interference control and inhibition ofprepotent

response processes are compromised by advancing age, this model suggests that observed

behavior will become increasingly characterized by a tendency to respond to current task-

inappropriate information or based on a dominant behavioral pattern (West, 1996). In the

following sections, evidence from the following paradigms is reviewed in light ofthe

proposed model of prefrontal cortex function: prospective memory, frequency estimation,

source memory, interference control and sustained attention, inhibition ofprepotent

responses, and working memory.

P_r_o_spective Memclv and Frequency EflimLfion

The effects of advancing age on memory for activities to perform, or prospective

memory, are somewhat limited (West, 1996). Prospective memory differs from the kind

ofmemory that is dependent on the integrity ofthe medial temporal lobe or diencephalic

structures in that the former is needed to manipulate and organize memory, whereas the

latter is needed to store and consolidate new memories (Shimamura, Janowsky, & Squire,

1991 ). Cues to elicit a prospective action can be either event- or time-based. The

prefrontal cortex model ofaging predicts that time-based memory tasks should

demonstrate greater age-related decline than event-based tasks because time-based tasks

are presumably devoid of external cues that support prospective action. McDaniel and

Einstein (1992) found that older adults were less accurate than younger adults on tasks

involving time- but not event-based cues to elicit the prospective action. However, in a
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study examining the effects of increasing the delay between receiving the prospective

instructions and the cue to perform the prospective actions, Einstein Holland, McDaniel,

and Guynn (1992) found that performance was not affected and that this increase in delay

did not interact with age.

The complexity ofthe prospective cue or action has also been investigated. Older

adults demonstrated impaired performance relative to younger adults when a task required

monitoring offour prospective cues, which was in contrast to the similar performance of

both groups when a task required the monitoring of only one cue (Einstein et al., 1992).

A final way in which prospective memory performance has been examined is in

studies ofthe use of external memory aids. Overall, these studies have demonstrated that

performance on a variety ofmemory tasks, including prospective tasks, is enhanced by the

use ofan external memory aid (West, 1996). What has yet to be determined is the role

that advancing age plays in the use and effects of external aids during prospective memory

tasks. Older adults may rely more on memory aids as task difficulty increases or it may be

that older adults would not use memory aids as effectively as task demands increase. The

prefi'ontal cortex theory ofcognitive aging would predict that prospective memory

performance would be enhanced by using external aids because part ofthe role ofthe

prefrontal cortex would be replaced by the external aid.

Frequency estimation has received considerable attention in field of cognitive

aging. A typical frequency estimation task requires the studying ofa list ofitems over a

period oftime and then providing a judgment about the frequency ofthe studied stimuli

during a test phase. Hasher and lacks (1979) proposed that encoding offrequency

information was an automatic process and thus would not be influenced by the efl‘ects of

advancing age. Aging research has both supported and questioned the age insensitivity of

the encoding offrequency information. Older and younger adults have been found to

make comparable estimates at low frequencies of occurrence; however at high frequencies

ofoccurrence, the performance ofolder adults was impaired (Kausler, Salthouse, &
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Saults, 1987; Hasher & Zacks, 1979). The current model ofprefrontal fiinction would

suggest that this deficit results from an inability to form discrete context-dependent

memory traces of the study stimuli with increasing frequency of occurrence or to update

existing representations (West, 1996).

Target familiarity has also been shown to differentially effect frequency estimation

performance in younger and older adults. Wiggs (1993) found that the performance of

younger and older adults was comparable in their accuracy of estimation for English

words but that older adults were significantly impaired in estimation when Japanese

ideograrns were used as stimuli. This finding is in agreement with existing ideas of

prefrontal function, as older adults, like persons with frontal lobe lesions, may experience

difficulty when novel stimuli must be incorporated into memory. Overall, West's (1996)

review ofthe frequency estimation literature led him to conclude that existing instances of

age invariance in frequency estimation appear either to be predicted by the prefi'ontal

cortex model or to have resulted from methodological problems.

Source Memory

Numerous studies of episodic memory and source amnesia have suggested that

older adults are impaired relative to younger adults in their ability to remember the source

ofnewly acquired information. Reduced source memory has been attributable to

decreased effectiveness in the ability to integrate events with their temporal context in

memory (McIntyre & Craik, 1987). Evaluating source memory requires an individual to

recall the context in which some fact was learned or action performed. Variables that

appear to influence performance on source memory tasks include the length oftime

between initial exposure to the material and recall of source information and the

discriminable salience of informational sources (West, 1996).

McIntyre and Craik (1987) demonstrated that older adults (M_= 69.2 years old)

performed more poorly on a source memory task which required learning ofboth real and

fictitious facts about famous, non-famous, and fictitious people when compared to
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younger adults (M = 19.4 years old). This effect was demonstrated after 10 minutes and

even more strongly after one week. Notably, the decrease in source memory with

increasing delay was accompanied by a decrease in item recognition memory for older

adults at the one-week follow-up; thus, poor performance ofthe older adults at this time

point may have been partly attributable to reduced memory overall. Craik et al. (1990)

found that the degree of source amnesia in a sample ofhealthy adults was significantly

related to age, verbal fluency, and performance on the WCST, leading to the conclusion

that impairments resulting fi'om the normal aging process are related to functioning ofthe

prefi'ontal cortex. Janowsky, Shimamura, and Squire (1989) found that the fi'equency of

source errors committed by healthy older adults (M = 63.9 years old) and patients with

frontal lobe lesions were similar and exceeded the number committed by healthy younger

adults (M = 43.9 years old). In these latter two studies, decreased source memory was

not accompanied by or related to reduced item recognition. Parkin and Walter (1992)

found that explicit verbal recognition, defined by having participants indicate that their

answer was based on "remembering" the source ofthe information, declined with age and

familiarity-based recognition, defined by having participants indicate that their answer was

based on information that they "knew", increased. Furthermore, the extent to which older

participants relied on familiarity-based recognition correlated with reduced performance

on neuropsychological indices of frontal dysfunction.

Evidence for the effect of increasing delay on source memory appears to be mixed.

While some studies have demonstrated greater source amnesia with increased delays

(Spencer & Raz, 1994; McIntyre & Craik, 1987), other have found no such effects

(Schacter et al., 1991). West (1996) concluded that the effect of increasing delay on

source memory appears to be tied to a concurrent reduction in overall recall but that

source memory difference between younger and older adults persist even when no item

recall deficit is observed.
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Another factor proposed to influence the effect of advancing age on source

memory is the focus of attention within the encoding phase ofthe task. Schacter et al.

(1994) found that directing attention to the source or fact information during the encoding

phase ofan experiment did not produce difference in source memory for younger or older

adults. Thus, age-related differences in source memory do not appear to be the result of

differences in the ability ofyounger and older adults to attend to information.

In conclusion, the current model ofprefrontal fimction would suggest that the

source memory deficits observed in older adults result from the impoverished integration

ofcontent and context information at encoding and possibly recall (West, 1996). Thus, it

could be hypothesized that on tasks ofverbal memory recall and recognition, which

involves the presentation oftwo separate lists of related items to remember, such as the

CVLT, advancing age should result in decreased recognition discrirninability and increased

incidence of intrusion errors specific to the related lists (i.e., items presented on the first

list being reported during recall of the second list and items from the second list being

reported during a delayed recall ofthe first list).

Interference Con_trol and Sustained Atten_tio_n

The study of interference control has most commonly employed the Brown-

Peterson Consonant Trigram Task or tasks on which performance involves release from

proactive interference. Researchers examining age-related performance declines on the

Brown-Peterson task have generally indicated that older adults tend to demonstrate poorer

recall than younger adults and that this age-related deficit does not interact with the length

ofthe retention interval (West, 1996). This is consistent with findings fi'om the study of

the effects of advancing age on working memory, which suggest that increasing age is

associated with a decline in the number ofitems maintained on-line but that this

information is relatively stable across time (Salthouse, 1994).

Older adults generally demonstrate greater buildup of interference over trials

(Dobbs, Aubrey, & Rule, 1989) which can be attributable to a decreased ability to clear
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information from working memory, a deficit ofthe interference control process.

Shimarnura and Jurica (1994) demonstrated that advancing age was associated with

heightened proactive interference due to previously presented stimuli during an

investigation using a self-ordered pointing task ofprefrontal cortex fimction. Detection

and control ofbuildup of interference during an implicit stem completion task was found

to be related to performance on tasks of prefrontal cortex function and declined with

advancing age (Nyberg, Winocur, & Moscovitch, 1997). Dobbs et al.'s (1989) review of

existing literature in the area of release from proactive interference led to the conclusion

that when an appropriate measure of release (the Wickens ratio) is used, older adults

demonstrated reduced release from proactive interference in each ofthe five studies

reviewed.

Investigation ofthe evidence of declines in sustained attentional ability or vigilance

with age yields mixed results. Chao and Knight (1997) used event-related potentials and

behavioral measures to compare the performance ofhealthy young and old adults on two

different auditory delayed match-to-sample tasks. Older adults had reduced attention-

related activity over frontal regions and distracting stimuli elicited an enhanced primary

auditory evoked response in older adults. The authors concluded that increased

distractibility and impaired sustained atttention in older adults may be due to altered

prefrontal cortex functioning. Optimal performance on a sustained attention task is a

fimction ofthe ability to focus over time, discriminate between target and nontarget

stimuli, maintain preparatory set, and respond quickly and accurately (West, 1996). The

prefrontal cortex has been implicated in the support of each ofthese skills (Fuster, 1980;

Posner & Rothbart, 1991).

Age-related decline in target hit rate was observed by Parasurarnan and Giarnbra

(1991), who concluded that older adults demonstrated faster rates of attention decrease

than younger adults while completing assessed tasks. This age-related decline was not

attenuated with extensive practice and was exacerbated by increased event rate. Age-
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related decline on the Paced Auditory Serial Addition Test (PASAT; Gronwell &

Sampson, 1974; Gronwell & Wrightson, 1974), a task assessing sustained attention and

rate of information processing, has been consistently reported (O'Donnell et al., 1994;

Brittain et al., 1991; Stuss, Stethem, & Poirier, 1987). On auditory delayed match—to-

sample tasks, older adults were significantly more impaired than younger adults by

distractors during long delays (Chao & Knight, 1997). Furthermore, during this task,

older adults demonstrated significantly reduced attention-related activity over frontal

regions, as measured by event-related potentials. However, preserved sustained attention

capacity in older adults has been reported in studies using tasks that place fewer demands

on a potentially limited capacity attentional mechanism (West, 1996). Overall, the data

seem to suggest that age-related deficits in sustained attention will arise under task

conditions which place a high demand on a limited capacity attentional system.

In conclusion, the effects of age on the performance on tasks sensitive to the

effects of interference in the short-term retention of material and the ability to sustain

attention over time can all be interpreted within the current theoretical framework of

prefrontal cortex fiinction (West, 1996). Age-related decline on measures ofinterference

control and sustained attention represent difficulties with controlling the interfering effects

ofinternal and external stimuli, contributing to difficulties in the formation ofa temporal

gestalt and action sequence.

Infitaition ofPrepotent Response

Research utilizing the Stroop Color-Word Naming Task has provided numerous

findings related to the effects of advancing age on the ability to suppress a prepotent

response. Older adults consistently demonstrate slowed performance during the color-

word trial and increased interference scores (Wecker et al., 2000; Hanninen et al., 1997;

Uttl & Graf, 1997; West, 1996; Uchiyama et al., 1994; LaRue, 1992; Stuss & Benson,

1986). Houx et al.'s (1993) cross-sectional lifespan study indicated that age-related

increases in these efl'ects begin to appear in the 6th and 7th decades of life and continue to
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increase with age. Additionally, health status has been shown to interact with the effects

of advancing age, demonstrating an accelerated increase with age in the Stroop effect for

persons with even relatively minor health problems (West, 1996).

A number of explanations have been offered to explain the Stroop effect with

advancing age. Dulaney and Rogers (1994) have suggested that the inability on the part

of older adults to use a reading suppression response is the reason for age-related

increases in the Stroop effect. Panek, Rush, and Slade (1983) theorized that older adults

demonstrate greater Stroop effects due to an increase in response dominance for word

reading over color naming with advancing age. Notably, age-related diflerences in the

Stroop effect persist after controlling for the effect ofdecreased processing speed (Spieler,

Balota, & Faust, 1996). West (1996) concluded that none ofthese theories has been able

to provide a firll account of age—related increased in the Stroop effect, leaving open the

possibility that at least part ofthis effect is attributable to a reduced efficiency ofthe

inhibition of prepotent response processes supported by the prefrontal cortex.

The ability to inhibit a prepotent response keeps highly salient but unsuited

responses from gaining control ofa behavior or action sequence (Dempster, 1991). As

such, perseverative errors can be thought ofas a break down in this inhibitory process.

Perseverative errors represent an action sequence which is "captured” by one of its

constituent parts which may have been previously rewarded, as is the case with

perseverative errors on the WCST. Thus, measures ofperseverative errors provide

another way of analyzing the effects ofincreasing age on the ability to suppress a

prepotent response. It could be hypothesized that advancing age would be associated with

increased frequency of perseverative errors on tasks requiring the production ofresponses

to various task demands such as free and cued recall, design fluency, and the WCST, due

to decreased ability to suppress prepotent responses.

Working Memog
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West (1996) used the term retrospective memory to describe the process which

serves to maintain on-line, task-relevant information on which the temporal gestalt is

constructed. When combined with his definition ofprospective memory, these two

constructs are more commonly known as working memory. Working memory has been

described as knowing what to do, when to do, and how to do it (Pribram, 1997). These

three factors are heavily dependent on the integrity ofprefrontal cortex function. The

"what" is related to familiarity, a particular kind of memory. The "when" is a result of

sustained attention and the ability to discern when automatic processes become ineffective.

The "how" involves determining what is appropriate; when something works and does not

work. Thus, decreased working memory performance as a result ofprefi'ontal disturbance

means that under certain conditions intentional and attentional processes needed for the

completion of learning tasks are disrupted (Pribram, 1997).

Decline in working memory performance with advancing age has been consistently

demonstrated. Libon et al. (1994) demonstrated that working memory performance, as

measured by overall performance on the WCST, as well as performance on other tasks of

executive functioning, declined with advancing age, with an old-old (75 years and older)

group ofhealthy volunteers demonstrating poorest performance. Hanninen et al. (1997)

demonstrated that even when adjusting for the effects of education, older adults with age-

associated memory impairment demonstrated signficantly worse performance on the

WCST and Trail Making Tests when compared to age-matched healthy controls. In a

study of short-term memory and frontal dysfunction, Parkin and Walter (1991) found that

performance on a working memory task (WCST) declined with age and was related to

performance on the Brown-Peterson task. WCST performance by a group ofhealthy 80

to 87 year old adults versus a group of healthy 64 to 69 year old adults revealed significant

differences for the number of categories attained and total number oferrors committed.

Hultsch et al. (1992) examined changes in mean performance on working memory,

information processing, and intellectual ability tasks over a three year period in a sample of
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healthy community-dwelling older adults. Results showed significant average decline on

working memory, verbal fluency, and world knowledge. A step-down analysis revealed

that covarying decline in speed ofinformation processing did not eliminate these

significant declines. Similarly, age-related declines in WCST performance, described as

being reminiscent of frontal lobe and/or basal ganglia damage, were demonstrated in a

sample of healthy volunteers even after the effects of speed of information processing

were controlled for (Robbins et al., 1998). In contrast, Salthouse (1994) summarized a

number of his collaborative studies conducted on age effects ofworking memory. Results

consistently demonstrated that age was associated with significant amounts ofthe variance

in computation and reading span performance. However, many ofthe age-related

influences were mediated by slower speed ofinformation processing. More recent studies

reviewed demonstrated that slower processing primarily influenced the time required to

achieve a stable encoding ofthe material rather than the rate at which material was lost

across time or subsequent processing. Similarly, Fristoe, Salthouse, and Woodard (1997)

demonstrated that age-related reductions in processing speed mediated age difl‘erences in

working memory performance and feedback-usage on the WCST. Hartley et al. (2001)

compared the performances ofyounger and older (mean age = 72.9 years) on a series of

working memory tests. They concluded that there is generalized decline in working

memory systems with advancing age, with the age differences being mediated, to a

moderate extent, by age-related differences in processing speed. Thus, age-related decline

in working memory performance has been strongly demonstrated. However, evidence is

mixed as to the role of speed ofinformation processing in this decline. The current model

ofprefrontal cortex function would suggest that the working memory deficits observed in

older adults result from difficulty maintaining on-line, task-relevant information and

impaired ability to prepare for execution ofthe temporal gestalt in response to appropriate

cues, all ofwhich are influenced the integrity of interference control mechanisms. It could

be that decreased processing speed is a result ofineffective, inefficient interference control
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mechanisms; if inhibitory control processes cannot serve to limit the access of currently

task-irrelevant information to current processing efforts, new behavioral sequences cannot

be planned and executed as quickly. Since inhibitory control firnctions serve a dual

purpose of preparing an individual to respond to current task demands based on event-

specific information and to separate events into distinct temporal units, break down of

these firnctions can be expected to result in decreased speed of information processing, as

well as an increased frequency of errors in information processing.

Many studies have examined the relationship between frontal lobe functioning and

various aspects of verbal memory. A number ofthese studies provide firrther evidence

demonstrating decline in working memory and other prefrontal abilities with advancing

age. Parkin and Walter's (1992) investigation ofrecollective experience and age

demonstrated that familiarity-based recognition increased with age (in contrast to source-

based recognition, which declined with age) and was correlated with neuropsychological

indices of frontal lobe dysfunction. These authors used the WCST and a verbal fluency

test as two oftheir measures of frontal lobe dysfunction and found that performance on

both declined with advancing age. In their investigation of changes in cerebral firnctioning

with normal aging, Mittenberg et al. (1989) concluded that predominant age-related

neuropsychological changes occur in frontal rather than right-hemisphere abilities.

Neuropsychological measures offrontal firnction included verbal and design fluency, as

well as verbal and visual recency discrimination. Levine, Stuss, and Milberg (1997) used

conditional associative learning tasks to evaluate the hypothesis that age-related cognitive

decline is related to fi'ontal dysfirnction. Results demonstrated that deficits in conditional

associative learning were attributable to strategic rather than basic associative processes

and error analysis revealed that past information failed to guide behavior in both persons

with frontal lobe lesions and in a group of healthy, older adults (M = 71 years old).

Furthermore, these authors concluded that congruence between older adults and the

participants with dorsolateral prefrontal lesions on a measure ofdefective inhibitory
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control suggested that age-related decline in inhibitory processes is due to prefrontal

dysfunction. A rCBF study examining the relationship between age and recognition

memory ability revealed that older adults (M = 69.4 years old) showed no significant

activation in areas (right hippocampus and left prefrontal and temporal cortices) activated

during encoding in young adults (M = 25.2 years old) but did show right prefrontal

activation similar to younger adults during recognition (Grady et al., 1995).

In summary, all ofthese studies suggest decline in working memory, as well as

potentially other memory abilities, with advancing age. The prefrontal cortex theory of

cognitive aging posits that advancing age results in a breakdown ofmany ofthe processes

which support the integration, formation, and execution of complex, novel behavioral

structures. These processes include those related to working memory, as well as to

interference control. The former involves maintaining on-line, task-relevant information on

which the temporal gestalt is constructed, as well as preparation for execution ofthe

temporal gestalt in response to appropriate external or internal cues. The latter involves

clearing current task inappropriate information from memory stores and keeping behavior

from being captured by dominant internal response patterns or highly salient

environmental stimuli. Data from this proposed investigation ofthe prefrontal cortex

theory of cognitive aging are expected to demonstrate the existence of discernible

neuropsychological functions which are associated with prefrontal cortex function.

Performance on neuropsychological measures ofprefrontal lobe firnctioning is expected to

decline with advancing age. Furthermore, this decline performance on prefrontal cortex

firnction measures with advancing age is expected to significantly influence the

relationship between age and verbal memory performance.

Measurement and Alternative Theoretical Considerations

A number ofmethodological challenges exist when attempting to substantiate any

theory of cognitive functioning, as few investigative procedures are available which allow

for definitive localization of function and evaluation of specific cognitive processes
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underlying neuropsychological test performance. It is often assumed that levels of

performance on different cognitive measures and the age-related effects on those measures

are determined by separate and distinct mechanisms. With many neuropsychological tests,

the discovery of selective impairments by individuals with damage in particular brain

regions has led to the inference that various brain structures are specialized for different

types of processing. When combined with results indicating age-related deficits on those

measures, these findings have led to speculation that certain brain regions are more

sensitive to age-related decline than others (Salthouse, Fristoe, & Rhee, 1996). Although

certain measures may be sensitive to damage in particular brain regions, the measures may

not be specific because damage to other regions could lead to similar patterns of

impairment. Seidman et al. (1995) raised this issue in their investigation of experimental

and clinical neuropsychological measures ofprefrontal dysfirnction in schizophrenia,

stating that frontal deficits may be due to diffuse brain damage, circumscribed prefrontal

damage, and/or damage in other brain regions having prefrontal connections.

Furthermore, many ofthe neuroirnaging studies used to identify what brain regions are

activated during performance on various cognitive tasks contribute to these

methodological concerns. Often times "activation" ofa specific brain region is equated

with excitatory activity, leading to the conclusion that the activated brain region is

responsible for the a certain firnction. However, alternative explanations must be

considered: 1) "activation" may represent inhibitory activity; and/or 2) "activation" may

represent a system of excitatory or inhibitory processes in which the end result is

activation ofa specific brain region.

Additionally, neuropsychological measures used to associate cognitive

performances with certain brain regions often represent more than one firnctional process.

Salthouse, Fristoe, and Rhee (1996) investigated the localizability of age-related effects on

neuropsychological measures and found that they were not independent. Across all

variables examined, an average of58% ofthe age-related variance in a given variable was

31



shared with that in other variables. The authors concluded that only a portion ofthe age-

related influences on many commonly used neuropsychological measures is specific and

potentially localizable. Delis, Squire, Bihrele, and Massman (1992) performed a

componential analysis ofmeasures ofproblem-solving ability, determining that a wide

spectrum ofdeficits in abstract thinking, cognitive flexibility, and use ofknowledge

contributed to problem-solving performance. This has been confirmed by a number of

factor analytic studies ofcommonly used measures of frontal lobe firnctioning which have

demonstrated similar results (Greve et al., 1996; Sullivan et al., 1993).

An alternative theoretical consideration to the decline of cognitive performance

with advancing age is that decreased speed of information processing underlies the poorer

frontal lobe and memory performance observed at older ages (Salthouse, 1985). Slower

speed ofprocessing has been shown to moderate the effects ofdecreased memory,

reasoning, and spatial, and fluency performance with advancing age (Fristoe, Salthouse, &

Woodard, 1997; Fisk & Warr, 1996; Salthouse, Fristoe, & Rhee, 1996; Salthouse, 1994;

Lindenberger, Mayr, & Kliegl, 1993; Tun et al., 1992). However, Robbins et al. (1998)

demonstrated more support for a frontal lobe functioning versus processing speed decline

hypothesis of cognitive aging. Notably, measurement and "localization" of processing

speed is plagued by many ofthe same difficulties as the measurement ofprefrontal cortex

firnctioning. Furthermore, although it has been assumed that processing speed indicates

the underlying rate at which information is activated within areas ofcognitive functioning,

this interpretation is open to debate and may not constitute exclusive support of an

account of cognitive age deficits in terms of information activation (Fisk & Warr, 1996).

Hypotheses

The purpose ofthis study is to investigate the applicability ofthe prefrontal cortex

theory to cognitive aging in a sample of healthy, older adults. The main premise of this

study is that the prefrontal cortex is critically important for the integration, formation, and
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execution of complex, novel behavioral structures and temporal gestalts, which supports

the direction ofbehavior in an orderly, purposefirl manner. This integrative function is

subserved by four secondary processes, identified by West (1996):

provisional/retrospective memory, prospective memory, interference control, and

inhibition of prepotent responses. Table 1 provides a summarized description ofthese

processes. For the purpose ofthis investigation, the concepts of provisional memory and

prospective memory will be considered together as the concept of "working memory".

The following hypotheses will be tested:

1) The three-factor model of prefrontal cortex function (working memory,

interference control, and inhibition ofprepotent responses) will be analyzed using

confirmatory factor analytic techniques (see Figure 1). The three-factor measurement

model ofprefrontal cortex function will fit better than a one- or two— factor model (see

Figure 2). In the case of a poor fit, an exploratory factor analytic representation of

prefrontal cortex firnction variables will be generated and used for subsequent analyses.
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Figure 1. Three — Factor Model ofPrefrontal Cortex Function
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The factor representing the ability to inhibit prepotent responses is hypothesized to be

comprised ofthe Stroop color-word naming trial score, and perseverative errors scores

from the WCST, Ruff Figural Fluency Test, and California Verbal Learning Test (CVLT).

The factor representing working memory is hypothesized to be comprised oftotal scores

from the Digit Span (DSp) and Visual Memory Span (VMSp) subtests from the Wechsler

Memory Scale-Revised (WMS-R; Wechsler, 1987) and the WCST total categories

achieved score. The final factor representing interference control is hypothesized to be

comprised of scores from the Trailmaking Test Parts A and B, the total score from the

Symbol Digit Modalities Test , and the CVLT proactive interference score.
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Figure 2. Two — Factor Model of Prefrontal Cortex Function

2) Causal models will be tested in which prefrontal cortex firnction will mediate the

association between age and verbal memory measures (see Figure 3), with decline in

prefi'ontal cortex firnctioning mediating the decline in verbal memory performance with

advancing age. Because verbal memory performance is often chosen as a key measure in
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evaluating changes with advancing age because of its direct, pragmatic application to daily

firnctioning, it was utilized in this study to investigate the hypothesized mediating role of

prefrontal cortex firnction on cognitive aging.
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Figure 3.

Participants

Causal Model of Prefrontal Cortex Function as a Mediator

METHOD

One hundred nine community dwelling, independently-living older adults were

drawn from a larger intervention study that recruited participants from the greater

Lansing, Michigan area through newspaper advertisements. Those who scored at 24 or

better on the Mini Mental Status Examination and reported no significant history of severe

neurological or medical problems likely to adversely affect their cognitive abilities (e.g.,

stroke, major ischemia, terminal illness, significant traumatic brain injury) on a self-report

medical history questionnaire were included. The 60 women and 49 men ranged in age
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from 55 to 88 years old (M = 70.2; _S_12 = 6.9) and had a mean education of 16.4 years (SD

= 2.9).

Procedure

Participants were assessed at MSU‘s Psychological Clinic. The entire assessment

for each participant, including measures unrelated to this study, required from two to two-

and-one-half hours. Participants were unaware ofthe hypotheses ofthis study when they

participated in the assessment. Assessments were conducted and scored by the author and

graduate level students enrolled in MSU‘s Clinical Psychology program who have

experience in administering and scoring these tests. The author and two other graduate

students specializing in neuropsychology re-checked the scoring on all tests. Upon

completing the assessment, participants were enrolled in a bi-weekly support group that

focused on instruction in mnemonic memory training strategies and either attention

retraining or relaxation techniques. Groups lasted four weeks, after which time

participants were re-administered the assessment battery and then received feedback about

their performance as compared to others their age. One test that required correct color

vision (Stroop Color Word Test) could not be completed by four male participants who

were determined to be color vision-deficient.

Measures

M_easures of Prefrontal Cortex Functioniag

Msconsjn Card Sorting Task (WCST)

The WCST assesses the ability to generate and test hypotheses and to shift and

maintain cognitive sets. Described by many as a measure ofworking memory, it contains

128 cards which the participant attempts to discover three difl°erent rules/categories for

sorting multidimensional stimuli by matching each card to one offour key cards.

Feedback is provided when cards are matched correctly or incorrectly. After the

participant matches 10 cards of a given category, the examiner changes the matching

category, without indicating this to the participant. Each category has to be discovered
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twice. This test yields four measures: total categories achieved (WCSTcat); perseverative

errors involving continuation of sorting based on an immediately preceding rule

(WCSTpe); and nonperseverative errors (WCSTnp).

The WCST is widely used in clinical settings to detect cognitive impairments

associated with frontal lesions (Stuss & Benson, 1986). Spreen and Strauss (1991)

critiqued the WCST, reporting that studies have generally confirmed that this test is

sensitive to frontal functioning, although some have reported more perseveration in

patients with right as compared to left prefrontal damage. Drewe's (1974) investigation of

patient's with schizophrenia who had undergone frontal leucotomy demonstrated

significant difficulties with perseveration on the WCST. Milner (1963) found that patients

with dorsolateral frontal excisions demonstrated significantly poorer performance on this

task when compared to those with orbitomedial and posterior lesions. Specifically, those

with dorsolateral lesions showed an inability to shift from one sorting principal to another.

The work ofboth Taylor (1979) and Hermann et al. (1988) supported these findings and

suggested that the WCST is sensitive to firnction in dorsolateral areas ofboth fi'ontal

lobes, but more to the left than to the right. Most recently, Ragland et al. (1997) found

that WCST performance was associated with increased PET rCBF activity in the

dorsolateral prefiontal cortex. Notably, participants with the highest WCST scores

activated dorsolateral prefrontal and inferior frontal regions, exclusively.

Stroop Color and Word Test (Stroop)

The Stroop measures the ease with which a person can shift perceptual set to

conform to changing demands and suppress a habitual or prepotent response in favor of an

unusual one. This test yields three basic scores: word naming (Stroopw) determined by

the number ofwords ( red, green, or blue) read correctly in 45 seconds; color naming

(Stroopc) determined by the number ofcolors (red, green, or blue) named correctly in 45

seconds; color-word naming (Stroopcw) determined by the number ofcorrect responses in

45 seconds. The Stroop-cw trial consists of color words printed in incongruous colored
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ink (e. g., the word "blue" printed in red ink). The participant is asked to name the color of

ink in which the word is printed, requiring them to suppress a highly prepotent response

(reading the word). The extent to which the tendency to read the word intrudes upon the

color naming assignment, referred to as the interference effect, is calculated from the three

basic scores.

Regard (1981) reported that patients with frontal lobe damage performed

significantly worse on the Stroop-cw when compared to patients with lesions in other

areas ofthe cortex. Uchiyarna et al. (1994) found Stroop-c and Stroop-cw score to be

two ofthe most sensitive measures for predicting frontal lobe firnctioning in both geriatric

and non-geriatric samples. Vendrell et al. (1995) demonstrated that the brain region most

related to errors on the Stroop-cw was the right prefrontal lateral cortex utilizing magnetic

resonance imaging (MRI). In their review ofPET studies, Cabeza and Nyberg (1997)

found that the ability to select between competing processing alternatives on the basis of

some pre-existing internal, conscious plan, as evidence by Stroop performance, was

consistently related to increased activity in the anterior cingulate. Spreen and Strauss

(1991) reported a one month test-retest reliability for each page ofthe Stroop to be .90,

.83, and .91, respectively.

Paced Auditory Serial Addition Test(PASAT)

The PASAT (Brittain, LaMarche, Reeder, Roth, & Boll) is designed to measure

sustained attention and information processing abilities. A pre-recorded tape delivers a

random series of 61 numbers from 1 through 9. The respondent is instructed to add pairs

ofnumbers such that each number is added to the one immediately preceding it: the

second number is added to the first, the third to the second, the fourth to the third, and so

on. The same 60 numbers are given in four different trials at differing presentation rates

(2.4, 2.0, 1.6, and 1.2 seconds). This test requires an individual to comprehend the

auditory input, respond verbally, inhibit encoding of one's own response while attending to
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the next stimulus in a series, and perform at an externally determined pace (Spreen &

Strauss, 1991).

The PASAT has good internal consistency, with a split-half reliability of .96 (Egan,

1988). O'Donnell, et al.'s (1994) factor analytic study of a numerous neuropsychological

tests demonstrated that the PASAT was one ofthe measures that defined an attentional

factor. Brittain et al. (1991) examined the effect of age, gender, race, IQ, and education

on PASAT performance in healthy adults aged 17-88. Age and IQ were found to

significantly affect PASAT results. A mildly significant effect was observed for gender as

well, with males performing slightly better than females. Schmidt, Trueblood, Merwin,

and Durham's (1994) factor analytic study of attention tests included the PASAT as one of

the measures of a global construct of attention.

RuffFigaral Fluency Test (RUFF)

A measure of design fluency, the RUFF (Ruff, Allen, Farrow, Niemann, & Wylie,

1994) assesses spontaneous flexibility, the ready flow ofideas or answers in a response to

a single questions. Requiring divergent thought and production, successful performance

on the RUFF also relies on self-monitoring, remembering, and creative imagination.

Participants are required to generate as many different designs as they can by connecting

dots in a specific configuration within a one minute time limit. Five trials, each with a

difl‘erent dot configuration pattern or different background on which the dots are to be

connected, are given. Performances are scored for number ofunique patterns

(productivity - RUFFdes) and for number of repetitions of patterns (perseverations -

RUFFper).

Age and education have been shown to affect RUFF productivity scores in

normative studies (Ruffet al., 1994). Productivity scores have also been shown to

discriminate mild from severe head trauma patients and both groups from normal control

participants (Lezak, 1995). Furthermore, perseverative responses increased from control

(5.8) to mildly injured (8.8) to severely injured (10.1).

39



Trailmaking Test A & B (TM'D

TMT (Reitan & Wolfson, 1985) assesses speed of information processing,

attention, mental flexibility, and visuomotor tracking. It requires participants to join

randomly located numbers in numerical sequence (TMTa) and in alternate numerical-

alphabetical sequence (TMTb) as quickly as possible. Resulting scores are based on time

taken to successfully complete each task.

Normative studies have shown that performance times increase significantly in

each succeeding decade (Stuss, Stethem, & Poirier, 1987). Drebing et al. (1994) found

the TMT to be one ofthe most sensitive and specific neuropsychological tests to detect

early cognitive decline in higher cognitively functioning older adults. Factor analytic

studies have demonstrated that TMT performance consistently loads on a factor generally

described as "attention" (O'Donnell et al., 1994; Schmidt et al., 1994; Uchiyama et al.,

1994). Scores are strongly influenced by level ofeducation (Spreen & Strauss, 1991).

Retest reliability over a six month interval was reported as .98 for TMTa and .67 for

TMTb (Lezak, 1995).

gambol-Diiit Modalities Test (SDMT)

SDMT (Smith, 1973) is a measure ofprocessing speed, sustained attention, and

visual-motor scanning. It requires the matching ofnumbers to symbols within a 90 second

time constraint. The score is based on the number of successfully matched symbol-number

pairs. This test is similar to the Wechsler Digit Symbol subtest except the matching is

inverse.

Smith (1973) found the SDMT to possess good predictive validityin dissociating

normal adults from those with brain-damage. A number of factor analytic studies have

included the SDMT in factors described as information processing and visuo-motor

scanning (Schmidt et al., 1994).

Coptrolled OralQWord Association Test LCOWAT)
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A measure of verbal fluency, the COWAT (Benton & Hamsher, 1983) also

assesses spontaneous flexibility. Participants are asked to produce as many words as

possible that begin with a designated letter ofthe alphabet. Three trials are conducted

using the letters ”C", "F", and "L", with a one-minute time limit imposed for each trial.

The score is the sum of all admissible words for the three letters.

Frontal lesions, regardless of side, tend to depress fluency scores, with left frontal

lesions resulting in lower word production than right frontal ones (Miceli et al., 1981,

Benton, 1968). Eslinger and Grattan (1993) demonstrated that COWAT performance, as

well as performance on other measures of spontaneous flexibility, was markedly decreased

in persons with frontal lobe lesions. Martin, Wiggs, LaLonde, and Mack (1994)

demonstrated that verbal fluency places greater demands on frontal lobe mediated

strategic search processes than on temporal lobe mediated semantic knowledge. A PET-

scan study (Parks et al., 1988) with normal volunteers indicated that verbal fluency

activated frontal and bilateral temporal lobes. A rCBF study (Gourovitch et al., 2000)

with normal volunteers found that during a verbal fluency task, the anterior cingulate, left

prefrontal regions, thalamus, and cerebellum were activated. Education and age have been

shown to influence COWAT performance. Retest reliability with adults after 19-24 days

was reported as .88. (Spreen & Strauss, 1991).

Wechgfler Memory Sofie-Revised Digit Span (DSp)

DSp (Wechsler, 1987) assesses verbal/auditory attention, short-term memory,

and/or working memory. Aural presentation of digits made to participants must be

repeated back to the examiner in either a forward or backward sequence. DSp

performance has been shown to decrease with age and in some studies has been positively

associated with higher levels of education ( Lezak, 1995; Ryan, Lopez, & Paolo, 1996).

Shimamura, Janowsky, and Squire (1991) found that patients with frontal lobe lesions

exhibited significant impairment on the DSp when compared to controls.

Wechsler Memory Scale-Revised Visual Memory Span (VMSp)
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VMSp (Wechsler, 1987) is the visual-spatial analog to DSp. It assesses visual

attention, short-term memory, and/or working memory. Participants are required tap a

sequence of colored blocks in either the same forward or backward order as the examiner

has tapped. VMSp performance has demonstrated the same relationship to age and

education at DSp (Lezak, 1995).

Mgures of Verbal Learning and Memory

momVerbal Learning Test (CVLT)

The California Verbal Learning Test (CVLT; Delis, Kramer, Kaplan, & Ober,

1984) involves learning lists ofwords presented in successive trials in the same sequence.

Its scoring system provides information on the quantity ofmaterial learned, as well as for:

rate of learning over several trials, the encoding strategy employed (semantic versus serial

clustering), the types of recall errors made, vulnerability ofmemory to time and

interference conditions, and the degree to which memory performance improves with

assisted recall cues.

Rosenbaum's (1984) reported that the CVLT is an extremely sensitive instrument

for detecting subtle memory deficits; however, this high sensitivity comes at the expense

ofmore false-positive errors. Over a one-year interval, CVLT test-retest reliability

coefficients ranged from .26 (percent middle recall) to .79 (long-delay cued recall). Total

immediate recall ofList A across the five trials correlated .66 with the WMS-R General

Memory Index and in the .60s with several other WMS-R variables (Delis, Kramer,

Kaplan, & Ober, 1987). These authors also factor analyzed all CVLT intercorrelations

and found that its multiple indices identified theoretically meaningfirl factors consonant

with the constructs they were designed to measure. An additional factor analytic study

demonstrated that verbal memory, as measured by the CVLT, consisted ofa number of

theoretically meaningfirl component factors reflecting learning strategy, acquisition rate,

serial position effect, discriminability, and learning interference (Delis, Freelan, Kramer, &

Kaplan, 1988). Multiple CVLT studies of selected neurological groups (chronic
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alcoholics, Parkinson's, Huntington's, and Alzheimer’s disease) have yielded results

commensurate with each group's previously determined memory problems. Four

measures from the CVLT were used in analyses as verbal memory variables: CVLTtot —

free recall total from trials 1 through 5; CVLTsf— short-delay free recall; CVLTlf— long-

delay free recall; CVLTrec — recognition hits. Total perseverative errors (CVLTper) and

the proactive interference score (CVLTpi) were used as measures of prefrontal cortex

fimctioning.

Logical Memog (LM)

Immediate recall total of stories A and B from the Wechsler Memory Scale-

Revised (WMS-R; Wechsler, 1987) represents the recall oftwo verbal passages

immediately after each is presented. Total recall scores for LM can range fiom 0 to 46,

with higher scores reflecting more information units recalled. It has an average test-retest

stability of .79 over 4—6 weeks (Bowden & Bell, 1992) and has consistently shown to load

on the verbal memory factor in numerous factor analyses (Prigatano, 1978). It is strongly

correlated with both CVLTtot (.79) and CVLTlf (.93; Spreen & Strauss, 1998). Clinical

investigations using LM found it sensitive to memory disturbances in patient groups

including older adults with age-associated memory impairment, dementia, multiple

sclerosis, neurotoxin exposure, and depression (Spreen & Strauss, 1998).

Miasure of Mental Status
 

The Mini-Mental Status Exam (MMSE) is a 30-item test created to briefly screen

for level of cognitive firnctioning. It assess orientation, immediate recall, attention,

calculation, language abilities, and constructional dyspraxia. Scores can range from 0,

indicating severe impairment to 30, indicating unimpaired mental status. It was

standardized on a sample ofhealthy older controls M = 74 years) whose scores ranges

fi'om 24.6 to 27.6 (Folstein, Folstein, & McHugh, 1975). Demented persons scored

between 9.6 to 12.2, with no overlap between these two groups. A cut-off score of24 is

often used to identify scores more suggestive ofimpairment (Lezak, 1995).
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Me_asure ofDepression

The 30 yes-no Geriatric Depression Scale (GDS) items assesses mood and

psychological symptoms of depression. Respondents answer each question according to

how they feel at the time of administration. GDS scores range from 0, indicating no

depressive statements were endorsed, to 30, indicating severe depression. The item-total

correlations ranged fi'om .32 to .83 (M = .56), while internal consistency and split-half

reliability were both .94. The test-retest reliability over one month was .85 (Koenig,

Meador, Cohen, & Blazer, 1988).

Factor analysis ofthe GDS identified a major factor ofgeneral depression and

minor factors ofworry/obsessive thoughts, and apathy/withdrawal (Parmalee et al., 1989).

Criterion validity with the Research Diagnostic Criteria was found to be .82. Concurrent

validity with the Hamilton and lung Depression Scales appear good (.83 and .86,

respectively; Yesavage et al., 1986). Stebbins and Hopp (1990) reported that the GDS

successfirlly discriminated between mildly demented depressed, and non-depressed

individuals.

RESULTS

Missing Data

Precautionary steps during data collection were taken to ensure a complete data

set. This included making alternative arrangements and multiple attempts to finish data

collection if a participant indicated they wished to discontinue with the testing. Following

data collection, if data were found missing, information was obtained fiom the clinician

who conducted the testing to determine the reason(s) for the missing data. Data from

seven participants were eliminated from analyses. These included three participants who

discontinued testing before the delayed recall trials could be administered on both verbal

memory measures and four male participants who were color vision-deficient and unable
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to complete the Stroop. Thus, the total number of participants used for all analyses was

102. No data were missing for any ofthese 102 participants.

Preliminary Data Examination

In order to examine the relationship between variables, Pearson product-moment

coefficients were calculated for all measures used in the study. In examining the

relationship between prefrontal cortex firnction measures, age, and education (see

Appendix A), the correlations between age and prefrontal cortex function variables were

significant, consistent with West’s theory, and demonstrated declining performance with

advancing age, with a few exceptions. The magnitude ofthe significant correlations

between prefrontal cortex firnctioning measures and age ranged fiom .24 to .53.

Perseverative errors on the RFFT and the CVLT, performance on the Stroop word-

naming trial, Digit Span total score, the proactive interference score from the CVLT, and

verbal fluency were not significantly related to age. Regarding the relationship between

education and performance on prefrontal cortex function measures, only Digit Span total

score, perseverative errors on the CVLT, and RUFF total designs were significantly

related to education. The magnitude ofthese significant relationships ranged from .20 to

.27. The remaining relationships between education and prefrontal cortex function

variables were not significant.

Analysis ofvariance (ANOVA) was used to examine the relationship between

gender and performance on prefrontal cortex firnction measures. Only four prefrontal

cortex function variables were significantly related to gender (see Appendix B). Males

performed significantly better on the PASAT, completed more designs on the RUFF,
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made fewer perseverative errors on the CVLT, but made more non-perseverative errors

on the WCST than females.

Depression was significantly negatively related to seven prefrontal cortex function

measures (see Appendix C). Performance on Trailmaking Test Parts A and B, Visual

Memory Span total, the color-word naming trial ofthe Stroop, PASAT total score, and

RUFF total designs all were lower with higher levels of depressive symptomatology,

whereas the number ofperseverative errors on the WCST was higher with higher levels of

depressive symptomatology. The magnitude of significant correlations ranged from .20 to

.33. Notably, the average GDS score for this sample was well below the accepted cut-off

score of 10 (M = 6.77, SD = 6.66), indicating a very low frequency of reported depressive

symptomatology in this sample.

Appendix D illustrates the relationship between measures of prefi'ontal cortex

function. The majority ofprefrontal cortex function variables were significantly related to

each other, with a few exceptions. The magnitude of significant correlations ranged from

.21 to .76. Total score on the SDMT was the only measure that was significantly related

to all other prefrontal cortex firnction variables. Perseverative errors on the RUFF was

not significantly related to any other prefrontal cortex firnction variable. The proactive

interference score on the CVLT was significantly related only to the verbal fluency score,

with higher proactive interference scores being associated with poorer verbal fluency

scores. Perseverative errors on the CVLT was significantly related only to total categories

achieved on the WCST and to WCST non-perseverative errors, with greater perseverative

CVLT errors associated with fewer categories achieved on the WCST and greater WCST

non-perseverative errors.



The relationship between prefrontal cortex firnction and verbal memory measures

is illustrated in Appendix E. Only two prefrontal cortex function measures were

significantly related to all verbal memory measures: fewer non-perseverative errors on the

WCST and stronger performance on the color-word naming trial ofthe Stroop were

associated with stronger performance on all verbal memory measures. The total

immediate recall score from trials 1-5 on the CVLT was significantly related, in the

expected direction (i.e., stronger performance on the prefrontal cortex firnction measure

was associated with stronger verbal memory performance), to the majority ofprefrontal

cortex firnction variables. The magnitude of significant relationships between verbal

memory and prefrontal cortex function measures ranged fi'om .21 to .45. In contrast, total

recognition hits on the CVLT was significantly related to only two prefrontal cortex

firnction measures: stronger performance on the color-word naming trial ofthe Stroop

and fewer non-perseverative errors on the WCST were associated with greater recognition

hits.

Hypothesis 1: Examination ofthe 3-factor Model ofPrefrontal Cortex Function

The three-factor model of prefrontal cortex function (working memory,

interference control, and inhibition ofprepotent responses) was analyzed using the

following steps:

1. Correlations of manifest variables (specific test scores) for each corresponding latent

variable (each proposed factor) were examined.

2. Principal components analysis (PCA), constraining the data to three factors, was

employed to determine the fit ofthe three-factor model.
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As proposed, if the three-factor model of prefrontal cortex firnction was determined to not

offer the best fit to the data, then a new measurement model would be determined through

exploratory factor analysis.

Confitions ofmanifest vai'ables to their corresmnding latent variable

The relationship between specific test scores hypothesized to comprise each ofthe

three factors representing prefi'ontal cortex function was examined using Pearson product

moment correlations. Specific test scores/measures or manifest variables proposed to

comprise each latent variable were chosen on the basis ofprevious studies that had

indicated that these variables were related and theorized to be measuring the same or

similar cognitive processes. Table 2 presents the Pearson product moment correlations

between manifest variables comprising each latent variable. Only two ofthe measures

hypothesized to comprise the factor representing ability to inhibit prepotent responses

(Stroopcw and WCSTper) were significantly related. Similarly, only two ofthe three

measures (Dsptot and VMSptot) hypothesized to comprise the working memory factor

were significantly related. The final measure, WCSTcat, was unrelated to either measure.

In contrast, all measures hypothesized to comprise the interference control factor were

significantly related.

In conclusion, two ofthe three factors proposed to represent prefrontal cortex

function were comprised ofmeasures that were not highly homogeneous. While Cattell

(1982) has demonstrated that the best validity ofa factor may be reached with a certain

moderate calculable homogeneity versus the highest homogeneity that can be achieved,

the low level of homogenity between some ofthe above measures strongly suggested that
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another possible combination might provide a better representation of the three factors

proposed to comprise prefrontal cortex firnction.

Table 2

Correlations ofManifest Variables for Each Latent Variable

 

Ability to Inhibit Prepotent Responses

 

 

 

 

       

 

 

 

      

 

 

 

 

 

 

Stroopcw WCSDCI' RFFTper CVLTper

Stroopcw 1.0 -.44** .01 -.03

WCSTper 1.0 -.08 -.11

RFFTJer 1.0 —.04

Working Memory

Dsptot WCSTcat VMSptot

Dsptot 1.0 .07 .38"

WCSTcat 1.0 .02

Interference Control

PASAT TMTa TMTb SDMT

PASAT 1.0 -.41** -.41** .58"

TMTa 1.0 .53" -.60**

TMTb 1.0 -. 56"

CVLTpi -.02 .03 -. 17 .08      
 

Note: * p 5 .05; " p 5 .01. PASAT = Paced Auditory Serial Addition Test; STROOPcw = Stroop Color-

Word Test — color-word naming trial; TMTa = Trailmaking Test Part A; TMTb = Trailmaking Test Part

B; Dsptot = Digit Span total score; VMSptot = Visual Memory Span total score; WCSTcat = Wisconsin

Card Sorting Test total categories achieved; WCSTper = Wisconsin Card Sorting Test perseverative

errors; RFFTper = Ruff Figural Fluency Test total perseverative errors; CVLTper = California Verbal

Learning Test total perseverative errors; CVLTpi = California Verbal Learning Test proactive

interference score; SDMT = Symbol Digit Modalities Test.

Principal components a_n_alysis (PCA) ofthreefictor model ofprefront_al cortex fiinction

A PCA was conducted on the 12 prefrontal cortex firnction measures. The

purpose ofPCA is to reduce large data items into a few meaningful components based on
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the intercorrlations among the items. Because PCA explains the variation that is unique to

an item and its error variance, as well (Pedhazur & Schmelkin, 1991), it was chosen as the

best data reduction method. The rule of eigenvalues greater than one (Johnson &

Mchern, 1992) was utilized to determine which components to retain. The Varimax

rotation method using generalized least squares was used to determine the best factor

solution. It was chosen in order to maximize the variances ofthe factors without changing

the mathematical properties ofthe solution (Tabachnick & Fidel], 1996).

Sample size restricted the number ofmeasures that could be subjected to the PCA.

Using the rule of a minimum of 10 participants for each measure subjected to the

components analysis (Bryant & Yamold, 1995), the current data set allowed for only 10

measures to be used in the PCA. Measures to be eliminated from the PCA were

determined by examining loading coeffecient scores prior to and after rotation. As seen in

Table 3, three measures had coeffecient loading scores below 0.2 (RFFTper, CVLTper,

and CVLTpi). Comrey and Lee (1992) suggest that loadings below .32 (10% overlapping

variance) are “poor” measures of a component/factor. These three measures were

eliminated and the remaining 9 measures were subjected to PCA.
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Table 3

Communalities of 12 Original Prefrontal Cortex Function Variables

 

 

 

 

 

 

 

 

 

 

 

 

  

Variable Shrunken r2 Final

PASAT .472 .583

STROOPcw .518 .601

TMTa .457 .850

TMTb .504 .613

Dsptot .319 .457

VMSptot .349 .427

WCSTcat .573 .893

WCSTper .583 .669

SDMT .595 .683

RFFTper .007 . 1 16

CVLTper .131 .216

CVLTpi . 1 19 .217   
 

 

Note: Extraction Method: Generalized Least Squares; PASAT = Paced Auditory Serial Addition Test;

STROOPcw = Stroop Color-Word Test - color-word naming trial; TMTa = Trailmaking Test Part A;

TMTb = Trailmaking Test Part B; Dsptot = Digit Span total score; VMSptot = Visual Memory Span total

score; WCSTcat = Wisconsin Card Sorting Test total categories achieved; WCSTper = Wisconsin Card

Sorting Test perseverative errors; SDMT = Symbol Digit Modalities Test; RFFTper = Rufl‘Figural

Fluency Test total perseverations; CVLTper = California Verbal Learning Test total perseverative errors;

CVLTpi = California Verbal Learning Test proactive interference score.

The resulting three-factor structure is shown in Table 4. Eigenvalues for the three-

factor solution were between 1.1 to 2.6 and accounted for 60.4% ofthe variance. All

items loaded on at least one ofthe three factors with loading coefficients ranging from .42

to .81. However, measures comprising the three factors did not fit the model ofprefrontal

cortex firnctioning that was originally proposed. The first factor, accounting for 29.1% of

the variance, was comprised ofPASAT, Stroopcw, TMTa, TMTb, VMSptot, and SDMT.

The measures comprising this factor appear to represent a combination of attention,

concentration, set-shifting, and interference control. The second factor was comprised of

both WCST measures and accounted for 18.7% ofthe variance. This factor is consistent
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Table 4

Varimax 3-Factor Structure (Factor-Variable Correlations) ofRetained Original

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Variables

Commuaalities

Variable Factor 1 Factor 2 Factor 3 Shrunken r2 Final

PASAT .61 .13 .34 .46 .53

Stroopcw .60 .3 8 .24 .5 1 .57

TMTa -.69 -. 13 .03 .40 .52

TMTb -.63 -.20 -.27 .46 .54

Dsptot .23 .04 .87 .3 1 .81

VMSmrt .54 -.09 .33 .36 .42

WCSTcat -.20 .85 -.01 .54 .73

WCSTper -.20 -.83 -.06 .57 .74

SDMT .79 .21 .17 .57 .70

% Variance 29.1 18.7 12.6       
 

Note: Extraction Method — Generalized Least Squares; Rotation Method - Varimax with Kaiser

Normalization; PASAT = Paced Auditory Serial Addition Test; STROOPcw = Stroop Color-Word Test —

color-word naming trial; TMTa = Trailmaking Test Part A; TMTb = Trailmaking Test Part B; Dsptot =

Digit Span total score; VMSptot = Visual Memory Span total score; WCSTcat = Wisconsin Card Sorting

Test total categories achieved; WCSTper = Wisconsin Card Sorting Test perseverative errors; SDMT =

Symbol Digit Modalities Test.

with one ofthe three originally proposed factors, working memory. The final factor was

comprised ofone measure, DSptot, and accounted for 12.6% ofthe variance. In

conclusion, the nine originally proposed variables, when constrained to three factors, did

not adequately capture or represent the three identified constructs of prefrontal cortex

functioning.

Identification fir new measurement model of prefi'oatal cortex firnctioning

Since results of the PCA when the data was constrained to three factors

demonstrated that the proposed measurement model was not the best representation ofthe
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factors underlying prefi'ontal cortex firnction, as proposed by West (1996), a series of

steps was undertaken to determine a new, more robust representative measurement model

based upon the data. These steps were as follows:

1. Five additional measures of prefrontal cortex firnction that have been

previously identified by numerous other studies as measures of prefrontal

cortex function were added for subsequent analysis to determine potential

contribution to the measurement model: Wisconsin Card Sorting Test, non-

perseverative errors (WCSTnp), Stroop word naming trial score (Stroopw),

Stroop color naming trial score (Stroopc), RuffFigural Fluency Test total

designs (RFFTdes), and the total score from the Controlled Oral Word

Association Test (Vfluency).

A series of exploratory factor analyses were used to determine two- and three-

factor models of prefrontal cortex firnction.

. Chi-square test was used to evaluate the goodness-of-fit ofthe two- and three-

factor models in order to determine which factor model best fit the data to be

used as the final measurement model testing the last hypothesis investigating

the mediating role of prefrontal cortex function between age and verbal

memory performance.

Selection of additional variables

While difficulties with the measurement offirnctions associated with the prefrontal

cortex have been previously addressed, significant evidence exists to suggest that there are

a number ofneuropsychological tests that appear to consistently relate to firnctions

subserved by the prefrontal cortex. Ideally, those measures that have consistently

demonstrated, through neuroirnaging studies, to be associated with prefrontal activation

would have been utilized to represent one ofthe three underlying factors comprising

prefiontal cortex firnction. These would have included: 1) a version ofthe n-back test

during which participants observe or listen for sequences of letters presented one at a time
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and respond to an identified letter only when it follows another identified letter (Smith et

al., 1998; Barch et al., 1997; Braver et al., 1997; & Jonides et al., 1993); 2) an additional

measure of sustained attention, such as the Conners’ Continuous Performance Test or the

Attention Capacity Test (Chao & Knight, 1997; Parasurarnan & Giambra, 1991; Wilkings,

Shallice, & McCarthy, 1987); 3) a prospective memory measure (Einstein et al., 1992;

McDaniel & Einstein, 1992; and West, 1988); and 4) a measure of source memory

(Spencer & Raz, 1994; Schacter et al., 1994; Schacter et al., 1991; and Craik et al., 1990).

Studies demonstrating the reliability and validity ofthe five additional measures of

prefrontal cortex function selected have been previously reviewed. An additional score

from the WCST was chosen because it was strongly correlated with the two other scores

from the WCST, as well as with other measures of prefrontal cortex function. It was

added to provide another potential measure ofworking memory, since the current

working memory factor was comprised of only two variables. The word- and color-

naming trials from the Stroop were added because both were strongly correlated with a

number of other prefrontal cortex firnction measures related to attention, concentration,

and interference control, as well as to the color-word naming trial score from the Stroop

and because they provide additional measures of processing speed. Total scores fiom

both the RuffFigural Fluency Test and the Controlled Oral Word Association Test were

added because oftheir strong correlational relationship to numerous other prefrontal

cortex fimction measures and because numerous neuroirnaging studies have consistently

identified both as measures of spontaneous flexibility that are associated with areas within

the prefrontal cortex (Gourovitch et al., 2000; Parks et al., 1988; Jason, 1985).

Results of exploratory factor a_r_ralyae_s

An EFA was conducted with the nine retained original prefi'ontal cortex function

measures and the five added prefrontal cortex function measures. Again, because of

restrictions due to sample size, measures were eliminated from the EPA based upon factor

loading coefficient scores prior to rotation. The five variables with the smallest factor

54



loading coefficients were eliminated prior to constraining the data to three factors. As

seen in Table 5, five measures had coefficient loading scores below 0.5 (TMTa, DSptot,

VMSptot, Vfluency, and RFFTdes) and were eliminated from subsequent analyses. EFA

was conducted with the final, nine retained prefrontal cortex firnction measures,

constraining the data into both two— and three-factor solutions.

Table 5

Communalities ofRetained Original Prefrontal Cortex Function Variables and

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Added Relevant Variables

Variable Shrunken r2 Final

PASAT .498 .588

STROOPw .516 .666

STROOPc .626 .794

STROOPcw .667 .757

TMTa .443 .577

TMTb .504 .682

Dsptot .342 .474

VMSptot .407 .566

WCSTcat .667 .769

WCSTper .626 .710

WCSTnp .712 .871

SDMT .628 .702

Vfluency .322 .473

RFFTdes .398 .420    
 

Note: Extraction Method: Generalized Least Squares; PASAT = Paced Auditory Serial Addition Test;

STROOPw = Stroop Color-Word Test — word naming trial; STROOPc = Stroop Color-Word Test — color

naming trial; STROOPcw = Stroop Color-Word Test — color-word naming trial; TMTa = Trailmaking

Test Part A; TMTb = Trailmaking Test Part B; Dsptot = Digit Span total score; VMSptot = Visual

Memory Span total score; WCSTcat = Wisconsin Card Sorting Test total categories achieved; WCSTper =

Wisconsin Card Sorting Test perseverative errors; WCSTnp = Wisconsin Card Sorting Test non-

perseverative errors; SDMT = Symbol Digit Modalities Test; Vfluency = Verbal Fluency; RFFTdes = Rufl‘

Figural Fluency Test total designs.

The resulting three-factor structure is shown in Table 6. Eigenvalues for the three-

factor solution ranged from 1.6 to 2.4 and accounted for 66.4% ofthe variance. All items
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loaded on at least one ofthe three factors with loading coefficients ranging from .53 to

.87. The first factor, which accounted for 26.2% ofthe variance, was comprised ofthe

three WCST measures and is consistent with the originally proposed working memory

factor. The second factor, accounting for 22.5 % ofthe variance, was comprised ofthe

three Stroop measures. This factor appears to represent a combination of processing

speed and inhibitory control. The final factor was comprised ofPASAT, TMTb, and

SDMT, accounted for 17.5% ofthe variance. This factor is comprised of variables

measuring sustained attention, mental flexibility, and interference control.

Table 6

Varimax 3-Factor Structure (Factor-Variable Correlations) of Final Variables

 

 

 

 

 

 

 

 

 

 

 

  

Communalities

Variable Factor 1 Factor 2 Factor 3 Shrunken r2 Final

PASAT -.15 .40 .53 .43 .53

TMTb .13 -.18 -.75 .4i .63

SDMT -.20 .50 .60 .57 .67

WCSTcat -.84 .07 .09 .66 .76

WCSTper .77 .10 -.26 .61 .68

WCSTnp .91 -.14 -.08 .70 .87

Stroopw .07 .67 .25 .46 .57

Stroopc -.18 .87 .18 .59 .82

Stroopcw -.36 .60 .44 .63 .69

% Variance 26.2 22.5 17.5       
 

Note: Extraction Method — Generalized Least Squares; Rotation Method — Varimax with Kaiser

Normalization; PASAT = Paced Auditory Serial Addition Test; STROOPcw = Stroop Color-Word Test -

color-word naming trial; '1be = Trailmaking Test Part B; Dsptot = Digit Span total score; VMSptot =

Visual Memory Span total score; WCSTcat = Wisconsin Card Sorting Test total categories achieved;

WCSTper = Wisconsin Card Sorting Test perseverative errors; SDMT = Symbol Digit Modalities Test.

The results ofthe two-factor structure are shown in Table 7. Eigenvalues for the

two-factor solution were 3.0 and 2.4 and accounted for 60.5% ofthe variance. Loading
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coefficients ranged from .52 to .87. The first factor was comprised ofPASAT, TMTb,

SDMT, and all three Stroop measures and accounted for 33.6% ofthe variance. It is

comprised of variables measuring sustained attention, interference control, processing

speed, and inhibitory control. While this factor is not a pure measure of interference

control, it was named “interference control” for subsequent analyses because interference

control is one of the major constructs that underlies performance on all ofthe tests

comprising this measure and to remain consistent with the language ofthe proposed

theory ofprefiontal cortex firnctioning. The final factor was comprised ofthe three

WCST measures and accounted for 26.9% ofthe variance. This factor was named

“working memory” for subsequent analyses.

The goodness-of-fit test was used to determine the best measurement model to use

for subsequent analyses. The 3-factor model yielded a chi-square value of 16.1 (df= 12)

and was significant (p = .03). In contrast, the goodness-of-fit test for the 2-factor model

was not significant (p = .19) and yielded a chi-square value of 32.6 (df= 19). Thus, the

two-factor model of prefrontal cortex firnctioning, comprised ofthe interference control

and working memory factors, was used as the measurement model in subsequent analyses.
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Table 7

Varimax 2~Factor Structure (Factor-Variable Correlations) of Final Variables

 

 

 

 

 

 

 

 

 

 

 

 

  

Communalities

Variable Factor 1 Factor 2 Shrunken r2 Final

PASAT .64 -.17 .43 .52

TMTb -.56 . 17 .41 .53

SDMT .76 -.22 .57 .67

WCSTcat . 12 -.85 .66 .77

WCSTper -.23 .78 .61 .68

WCSTnp -. 15 .91 .70 .87

Stroopw .69 .07 .46 .59

Stroopc .79 -. 18 .59 .73

Stroopcw .75 -.34 .63 .71

% Variance 33.6 26.9      
 

Note: Extraction Method — Generalized Least Squares; Rotation Method - Varimax with Kaiser

Normalization; PASAT = Paced Auditory Serial Addition Test; STROOPcw = Stroop Color-Word Test —

color-word naming trial; TMTb = Trailmaking Test Part B; Dsptot = Digit Span total score; VMSptot =

Visual Memory Span total score; WCSTcat = Wisconsin Card Sorting Test total categories achieved;

WCSTper = Wisconsin Card Sorting Test perseverative errors; SDMT = Symbol Digit Modalities Test.

Structural Equation Modeliag

Hypothesis 2 that the relationship between age and verbal memory performance is

mediated by prefrontal cortex firnction was tested by comparing three structural equation

models. Model 1 tested the hypothesized direct effect ofage on verbal memory

performance without taking prefrontal cortex firnction (as represented by interference

control and working memory) into consideration. Model 2 tested the hypothesized

indirect effects of age on verbal memory performance taking prefrontal cortex function

into consideration. Model 3 tested the hypothesized direct and indirect effects of age on

verbal memory performance taking prefrontal cortex firnction into consideration. AMOS
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4 (Arbuckle & Wothe, 1999) was used to obtain generalized least squares estimates ofthe

model coefficients.

Mm

The purpose ofmodel 1 was to evaluate the significant direct effect ofage on

verbal memory. The Chi—Square [x2 (df= 62, N = 102) = 80.95, p > .05] was not

significant for model 1, but the RMSEA (.06) was large, and the GFI (.88) and the CFI

(.80) were small. However, the data fit the rule ofthumb that an acceptable fit exists if

two times the degrees of freedom exceeds the x2 [df= 62 x 2 = 124; 124 > 80.95]. Taken

together, the fit indices provide evidence for an adequate fit between the model and the

data.

The standardized path coefficients for model 1 are presented in Figure 4.

Relationships in the model are all in the expected direction and all are significant, with one

exception. Age directly affected verbal memory performance, with advancing age

resulting in poorer verbal memory performance (standardized coefficient = -.30). Age

directly affected interference control and indirectly affected working memory

performance. Advancing age predicted poorer performance on interference control

measures (standardized coefficient = -.70). In turn, poorer performance on interference

control measures predicted poorer performance on working memory measures

(standardized coefficient = .29). However, advancing age did not significantly, directly

predict poorer performance on working memory measures. This model, with the uni-

directional arrow from interference control and working memory, was chosen because it

offered the best fit to the data, when compared to all other models evaluated.
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Figure 4. Standardized Path Coefficients ofModel 1 — Direct Effects Model

M01812

The purpose ofmodel 2 was to evaluate the significant, indirect effect of age on

verbal memory performance when prefrontal cortex firnction was taken into account.

Model 2 resulted in a strong fit between the data and the model. Not only was the Chi-

Square non-significant [x2 (df= 60, N = 102) = 68.27, p = .22], the GFI (.90) and the CF]

(.91) were large and the RMSEA (.04) was small.

The standardized path coefficients for model 2 are presented in Figure 5. All

relationships in the model are significant and in the hypothesized direction with the same

exception as demonstrated in model 1. Two ofthe same paths, as found significant in

model 1, were found significant in model 2. Additionally, the direct paths from working

memory and interference control to verbal memory were significant. Age indirectly

afl‘ected verbal memory performance. Advancing age resulted in poorer performance on

interference control measures (standardized coefficient = -.58). Poorer performance on

interference control measures predicted poorer performance on verbal memory measures
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Figure 5. Standardized Path Coefficients ofModel 2 — Indirect Effects Model

(standardized coefficient = .28). Poorer performance on interference control measures

also predicted poorer performance on working memory measures (standardized coefficient

= .40). In turn, poorer performance on working memory measures resulted in poorer

performance on verbal memory measures (standardized coefficient = .28). The results

indicate that performance on measures of interference control and working memory

significantly influence the relationship between advancing age and declining verbal

memory performance.

M_OAeI_3

The purpose ofmodel 3 was to demonstrate that the direct effect between age and

verbal memory became insignificant when it was considered in conjunction with the

indirect effect between these two constructs, taking prefrontal cortex firnction into

consideration. This would confirm that prefrontal cortex function was mediating the

relationship between age and verbal memory. The results ofmodel 3 were nearly identical
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to those ofmodel 2 and demonstrated a strong fit between the data and the model. The

Chi-Square [x2 (df= 59, N = 102) = 68.00, p = .20] was non-significant, the GFI (.90)

and the CFI (.91) were large, and the RMSEA (.04) was small.

The standardized path coefficients for model 3 are presented in Figure 6. The

same four paths, as found significant in model 2, were found significant in model 3.

However, the direct efiea of age on verbal memory was insignificant. Age indirectly

affected verbal memory performance. Advancing age resulted in poorer performance on

interference control measures (standardized coefficient = -.58). Poorer performance on

interference control measures predicted poorer verbal memory performance (standardized

coefficient = .32). Poorer performance on interference control measures also predicted

poorer performance on working memory measures (standardized coefficient = .40). In

turn, poorer performance on working memory measures predicted poorer verbal memory

performance (standardized coefficient
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Figure 6. Standardized Path Coefficients ofModel 3 — Mediation Model
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= .29). The direct effect of advancing age on verbal memory performance became non-

significant when considered along with the significant effect that age had on performance

on prefrontal cortex function measures, which in turn significantly negatively impacted

verbal memory performance. The results indicate that performance on measures of

interference control and working memory mediate the effects of advancing age on

declining verbal memory performance, supporting hypothesis 2.

DISCUSSION

In the past decade, there has been considerable effort to attempt to identify the

mechanism(s) by which cognitive aging occurs. Because ofthe expanding body of

evidence suggesting a selective, age-related decline in performance on neuropsychological

measures identified as sensitive to fi'ontal lobe dysfirnction, a growing number of

researchers, clinicians, and theorists have suggested that the cognitive processes supported

by the frontal lobes, and more specifically the prefrontal cortex, are among the first to

decline with advancing age. West (1996) proposed a prefrontal cortex firnction theory of

cognitive aging which predicted that fimctions largely dependent on frontal regions are

selectively negatively impacted by aging. Specifically, age-related declines in cognitive

processes supported by the prefrontal cortex should emerge at an earlier age and should

be ofgreater magnitude than age-related declines observed in cognitive processes

supported by nonfrontal regions. West identified four specific processes underlying

prefiontal cortex function (prospective memory, retrospective memory, interference

control, and inhibition of prepotent responses) that demonstrated strong ability to account

for age-related declines in a number of cognitive firnctions including verbal memory.

The purpose ofthis study was to evaluate the applicability ofWest’s prefrontal

cortex fiinction theory of cognitive aging to a sample of healthy, independently living older

adults. The first step involved examining to what extent the four specific processes (of

which the first two were combined in this study and labeled as “working memory”)
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underlying prefrontal cortex firnction, as identified by West, were discemable with

multiple neuropsychological measures that have been consistently identified as measuring

prefi'ontal cortex or executive function. It was hypothesized that the data would fit a

three-factor model ofprefrontal cortex firnctioning, with factors representing interference

control, inhibition ofprepotent responses, and working memory. Secondly, the mediating

strength ofthe identified underlying prefrontal cortex processes was examined in the

relationship between age and verbal memory performance. Verbal memory performance

was chosen to investigate the hypothesized mediating role ofprefrontal cortex firnction

because of its wide use in investigations of cognitive aging and because of its direct,

pragmatic application to daily firnctioning. It was hypothesized that the three-factor

measurement model of prefrontal cortex functioning would mediate the relationship

between advancing age and declining performance on verbal memory measures.

The Model ofPrefrong Cortex Function

Neither correlational analyses nor initial principatl components analysis (PCA)

supported the proposed 3-factor model ofprefrontal cortex firnction. Tests proposed to

measure interference control, the ability to “clear out” action-irrelevant information from

working memory, were all significantly related. In contrast, only two ofthe three tests

proposed to measure working memory, the ability to maintain relevant task information

“on-line” while performing mental operations, were significantly related. Only two ofthe

four tests pr0posed to measure the ability to inhibit prepotent responses, preventing an

action sequence from being “captured” by a dominant internal response pattern or highly

salient environmental stimuli, were significantly related.

The originally proposed measures ofinterference control were tests that required

sustained attention, concentration, processing speed, and the ability to quickly shift

conceptual sets. Thus, none directly measured what West (1996) described as interference

control; however, stronger performances on all ofthese tests undoubtedly related to how
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effectively a person could keep task-irrelevant information from interfering with

subsequent efforts to attend, processes information quickly, and set shift. Numerous

studies have shown that older adults demonstrate greater buildup of interference over

trials, as evidenced by measures such as proactive interference, and declining ability to

sustain attention, both of which can be attributable to a decreased ability to clear task-

irrelevant information from working memory (Nyberg et al., 1997; O’Donnell et al., 1994;

Shimamura & Jurica, 1994; Parasuraman & Giarnbra, 1991; and Dobbs et al., 1989). It

was based on this rationale and research that that aforementioned tests were selected.

However, a more effective, efficient way to have measured interference control would

have been to utilize a version ofthe Brown-Peterson Consonant Trigram Test or other

tasks on which strong performance depends upon release from proactive interference.

Consistent declines with advancing age on the Brown-Peterson task have been

demonstrated, regardless of the length ofthe retention interval (West, 1996). In this

study, a measure ofproactive interference from the CVLT was included as part ofthe

subsequent EFA’s to determine a prefrontal cortex measurement model. However, this

measure, CVLTpi, was found to be significantly related to only one other measure of

prefrontal cortex function (Vfluency) and had one ofthese lowest factor loading scores of

all ofthe prefrontal cortex firnction measures. This suggests that it was either a poor

measure ofproactive interference for this sample (due to lack of specificity and/or

sensitivity) or that the originally proposed measures ofinterference control represented

constructs that were not sensitive or specific enough measures ofinterference control.

Ofthe three originally proposed measures ofworking memory, only two were

significantly related (DSp and VMSp). Correlations between these measures and the final

working memory measure, WCSTcat, were extremely low (5 .1). While scores on the

WCST have been consistemly described as measures ofworking memory (Robbins et al.,

1998; Cabeza & Nyberg, 1997; Ragland et al., 1997; Libon et al., 1994; Parkin & Walter,

1991; Spreen & Strauss, 1991), data on performance on both Digit and Visual Memory
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Span tests is less consistent (Reynolds, 1997; Ryan, Lopez, & Paolo, 1996; and Lezak,

1995). Both Digit and Visual Memory Span have been purported to measure

auditory/visual attention, short-term memory, and working memory. Backward memory

span, in particular, requires not only sustained attention, but the ability to hold information

“on-line” while actively reversing the sequence of digits presented. Thus, backward

memory span performance relies more on working memory ability. Reynolds (1997)

reviewed previous studies and conducted factor analyses including forward and backward

span recall, concluding that these scores should not be combined for clinical analysis

because the cognitive skills required for both are distinct. Thus, using only digit and visual

memory span backwards scores in this study may have provided a more specific and

sensitive measure ofworking memory. Combining both forward and backward

performances may have resulted in a measure that represented both more passive attention

or short-term memory skills with more active attentional and working memory ability.

This may have made it a less specific measure ofworking memory (yet still a potentially

good measure ofgeneral prefrontal cortex function), making it insignificantly related to

WCST performance.

None ofthe four originally proposed measures ofthe ability to inhibit prepotent

responses were significantly related. Furthermore perseverative errors on the RUFF was

not significantly related to any other prefrontal cortex firnction measure and perseverative

errors on the CVLT was related to only two other prefrontal cortex function measures

(WCSTcat and WCSTnp). Perseverative errors represent an inability to prevent an action

sequence from being captured by a dominant internal response pattern that may have been

previously rewarded. Thus, measures ofperseverative errors provide a method of

analyzing the ability to suppress a prepotent response. Numerous studies have

demonstrated a relationship between perseverative errors and prefrontal cortex function

(Raz et al., 1998; Burgess and Shallice, 1996; Stuss et al., 1994). It is therefore puzzling

that none ofthe perseverative error scores were significantly related to one another in this
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study. While each measure of perseverative errors was generated from tests that each

required somewhat different cognitive skills (i.e., the WCST is a working memory test; the

CVLT is a verbal memory test; the RUFF is a test of figural fluency), the reason for

making perseverative errors on each ofthese tests is theorized to be the same mechanism.

Processing speed may have played a role in the lack of a relationship between RUFFper

and other measures. Specifically, this was the only perseverative error measure that was

generated under a time constraint.

The remaining measure ofthe ability to inhibit prepotent responses, the color-word

naming trial ofthe Stroop, has been one ofthe most widely documented and accepted

measures ofthis construct (Spieler, Balota, & Faust, 1996; West, 1996; Vendrell et al.,

1995; Uchiyama et al., 1994; and Houx et al., 1993). Strong performance on the

Stroopcw requires inhibitory control, as well as the ability to process information quickly.

While it was insignificantly related to the perseverative measures previously discussed,

Stroopcw was strongly, significantly related to all other measures of prefi'ontal cortex

firnction.

Results ofthe EFA that confined the data to three factors indicated that the

proposed three-factor model ofprefiontal cortex firnction did not fit the current data set.

This may have been attributable to a number ofissues, including: 1) a more appropriate

underlying factor structure of prefrontal cortex firnction existed; 2) tests were

misidentified as to the firnctions measured; 3) tests were unable to specifically discern

underlying firnctions comprising prefrontal cortex firnction; 4) selection ofmeasures was

not well suited to evaluation ofWest’s model; and 5) sample characteristics (such as level

ofeducation) significantly influenced the measurement and identification ofthe underlying

factor structure of prefrontal cortex firnction.

Alternative Models oflactors CommPrefrontal Cortex Function

A series ofexploratory factor analyses (EFA) conducted suggested alternative

two- and three-factor prefrontal cortex firnction solutions. Notably, some ofthe originally
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identified measures of prefrontal cortex function demonstrated weak factor loadings

during the series ofEFA’s and were subsequently dropped from analyses. These included:

perseveration error scores on the CVLT and RUFF, the CVLT proactive interference

score, Trail Making Test A, and total scores on Digit Span and Visual Memory Span.

Furthermore, some tests not originally proposed as measures ofone ofthe underlying

constructs of prefrontal cortex firnction were found to significantly contribute to the

measurement model ofprefrontal cortex function in this study. These included: non-

perseverative errors on the WCST and scores from the Stroop word- and color-naming

trials.

Factor loading scores for CVLTper, RUFFper, and CVLTpi were extremely low

(5 .13), suggesting that these scores represent firnctions essentially different from the

remaining prefrontal cortex function measures. Likewise, factor loadings for DSp and

VMSp were also low (3 .35). As previously discussed, both ofthese scores may represent

a combination ofpassive and active attentional abilities, short-term memory, and working

memory. Although both were significantly correlated with a number ofprefrontal cortex

firnction measures, sensitivity and specificity ofthese measures may be less than that of

other prefi'ontal cortex function measures, resulting in them being related to, yet not

strongly representative of, the specific constructs underlying prefrontal cortex function.

The lower factor loading score ofTMTa may be a function of its validity as a measure of

prefrontal cortex firnction. Specifically, it may predominantly represent processing speed

and visuomotor tracking, versus performance on TMTb, which requires both ofthese

skills, in addition to mental flexibility and cognitive set-shifting skill. Processing speed

measures have been shown to be significantly negatively affected by advancing age

(Fristoe, Salthouse, & Woodard, 1997; Fisk & Warr, 1996; Salthouse, Fristoe, & Rhee,

1996; Salthouse, 1994; and Tun et al., 1992) and may be reliant, in part, on the integrity of

prefi'ontal cortex firnction. The extent to which performance on TMTa is related to

processing speed may make it essentially difi’erent from firnctions measured by the
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remaining prefrontal cortex firnction tasks in this sample. In conclusion, measures

eliminated through EFA appear to be a combination oftest scores that are less sensitive

and specific than other measures of prefrontal cortex firnction.

Rationale for including the five additional measures ofprefrontal cortex function,

as previously addressed, was based predominantly on: previous research that had

demonstrated consistent relationships between selected measures and activation of areas

ofthe prefrontal cortex in neuroirnaging studies; other research demonstrating

relationships between selected measures and other tests purported to measure prefrontal

cortex function; and the strong correlational relationships between selected measures and

other prefrontal cortex firnction measures in this study. WCSTnp was added because it

was strongly correlated with the two other scores from the WCST, as well as with other

measures ofprefrontal cortex function. It was added with the assumption that it would

provide another potential measure ofworking memory. This assumption was supported,

as all WCST scores consistently loaded independently of other prefiontal cortex measures

during EFA’s. Numerous recent factor analytic studies examining the WCST and other

neuropsychological measures have demonstrated that subtest scores on the WCST

typically load independently of other neuropsychological measures or with other tests

designed to be administered, scored, and interpreted in the same manner (such as the

Booklet Category Test — Reitan & Wolfson, 1985) (Boone et al., 1998; Greve, Ingram, &

Bianchini, 1998; and O’Donnell et al., 1994). This is consistent with current EFA results

that demonstrated that the three selected measures ofthe WCST loaded together and

contributed uniquely as a construct of prefrontal cortex function. Notably, other studies

examining the factor structure and construct validity ofthe WCST have demonstrated

both two- and three—factor solutions (Greve, Bianchini, Hartley, & Adams, 1999; Greve

Ingram, & Bianchini, 1998; Greve et al., 1997; and Goldman et al., 1996). However, the

sample in each ofthese studies was significantly different (i.e., healthy, middle-aged adults,

persons who have had strokes) fiom the current study. No WCST factor analytic studies
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with a sample of healthy older adults could be located through extensive literature

reviews. It is possible that the WCST could be measuring slightly different constructs

depending upon the sample of participants used, or that the WCST is more or less

sensitive to the construct(s) measured, depending upon the sample. This is supported by

Burgess et al.’s (1998) study ofthe ecological validity oftests of executive functioning

that included the WCST. Study findings indicated that while the WCST was found to be

one ofthe most highly sensitive measures of overall neuropsychological dysfunction, it

was strongly related to behavioral characteristics defined as reflecting inhibition (response

suppression problems, irnpulsivity, disinhibition) and executive memory (confabulation,

temporal sequencing problems, perseveration).

While the word- and color-naming trials from the Stroop have been

predominantly identified as measures ofprocessing speed, because both were significantly

related to the majority of prefi'ontal cortex measures and because they also require

sustained attention ability, they were added to subsequent EFA’s. During all subsequent

EFA’s, the added Stroop scores demonstrated strong factor loadings (2 .52). When

prefrontal cortex firnction variables were constrained to three factors, all three scores fiom

the Stroop loaded together on a factor, independent of all other prefi'ontal cortex firnction

variables. This factor was interpreted to represent a combination ofprocessing speed and

inhibitory control. When prefrontal cortex firnction variables were constrained to two

factors, the WCST scores loaded independently on one factor and all three Stroop scores

loaded with the remaining prefrontal cortex function variables (PASAT, TMTb, and

SDMT). This latter factor was interpreted to represent a construct comprised of

interference control, sustained attention, processing speed, inhibitory control, and mental

flexibility.

Notably, although both the RUFF and Vfluency have been associated with

prefrontal cortex firnction (Gourovitch et al., 2000; Parks et al., 1988; Jason, 1985) and

were related to the majority ofprefrontal cortex function measures in this study, they
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demonstrated weak factor loadings during EFA’s. Thus, both were eliminated from

firrther EFA’s. Burgess et al. (1998) found that verbal fluency was highly insensitive to

general neurological pathology and executive firnctioning in sample ofboth mixed etiology

neurological patients and normal, age-matched controls. It is possible that either RUFF

and Vfluency were not sensitive enough measures ofthe constructs identified in this study

or that each measured a separate but related prefrontal cortex firnction construct from the

remaining tests in this study.

The final two- and three-factor models ofprefrontal cortex firnction generated

both included a factor comprised of all three WCST measures that was labeled working

memory. This is consistent with West’s (1996) theory, as well as with previously cited

factor analytic studies of prefrontal cortex fimction measures. However, the remaining

factors generated in both the two- and three-factor models did not directly fit the

remaining secondary processes of prefrontal cortex function, as proposed by West. In the

three-factor model, the factor comprised of all three Stroop scores appears to represent a

combined measure of processing speed and inhibitory control. The remaining factor is

comprised ofmeasures of sustained attention, interference control, processing speed, and

mental flexibility. In the two-factor solution, the final factor is a combination ofmeasures

of sustained attention, processing speed, inhibitory and interference control, and mental

flexibility. These results are generally consistent with other factor analytic studies oftests

identified as prefrontal cortex function measures. Boone et al. (1998) conducted a factor

analytic study including WCST, Vfluency, Stroop, DSp, a sustained attention test similar

to the PASAT, and a test nearly identical to SDMT on data collected from a sample

consisting of patients referred for neuropsychological testing and healthy volunteers (mean

age = 56.0; mean education = 14.0 years). Results yielded a three-factor solution. One

factor contained all WCST scores, the second was comprised ofVfluency, all Stroop

scores, and SDMT, and the final factor contained DSp, the sustained attention test, IQ,

and memory retention scores. A factor analytic study ofthe PASAT, WCST, TMTb, a
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visual attention test, and a test similar to the WCST conducted on a sample ofpersons

referred for rehabilitation services at a state agency (mean age = 30.2; mean education =

12.4) yielded two factors (O’Donnell et al., 1994). The first factor included PASAT,

TMTb, and the visual attention test and the second factor was comprised ofWCST and

the test similar to the WCST. A factor analytic study of numerous attention tests

conducted on a sample of outpatients referred for neuropsychological evaluation (mean

age = 34.9; mean education = 12.9) that included PASAT, TMT, DSp, VMSp, and Stroop

found that all ofthese tests loaded on the same factor (Schmidt et al., 1994). Notably, in

all ofthese studies, participants were significantly younger and less educated than persons

in this study. Additionally, most participants in these studies were referred for

neuropsychological testing because of some identified neurologic problem. Nonetheless,

results from these studies are similar to current study findings. This suggests that

regardless ofthe age, level of education, and type of impairment a person may have, the

tests of prefrontal cortex firnction utilized in this study appear to be related in a manner

reflecting a working memory factor and an attentional/processing speed factor. This is

consistent with the two-factor model of prefrontal cortex firnctioning being a better fit for

this data set (as well as possibly other data sets). It is possible that the

attention/processing speed factor may be a general measure of a person’s inhibitory and

interference control and that current prefrontal cortex firnction measures are not sensitive

enough to discern these underlying constructs.

Measuremenj ofPrefrontal:Cortex Function with Neuropsychological Tests

The neuropsychological tests used in this study to measure prefrontal cortex

firnctioning are some ofthe most popular and widely researched and used instruments to

assess frontal or executive functioning. These tests are proposed to be selectively

sensitive to frontal lobe dysfirnction. However, there are problems with both the

sensitivity and specificity ofthese tests as indicators of prefrontal cortex dysfunction

(Phillips & Della Sala, 1999; Phillips, 1997; Reitan & Wolfson, 1994). In addition to
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measuring prefrontal cortex firnction, performance on these tests may also be affected by

lesions/impairment elsewhere in the brain, in part, because of the extensive connections

between the frontal lobes and other cortical and subcortical areas. Some studies have

demonstrated that persons with frontal lobe lesions and persons with extensive frontal lobe

damage who have demonstrated problems in managing their daily lives perform well on

numerous tests offrontal functioning (Anderson et al., 1991; Shallice and Burgess, 1991).

Furthermore, some studies have demonstrated insignificant correlations between tests of

fi'ontal functioning and behavioral problems commonly presented by persons with frontal

lobe lesions (Burgess et al., 1998; Baddeley et al., 1997; Alderman, 1996). However, all

ofthese studies demonstrating weak or a lack of a significant relationship between fiontal

lobe lesions/damage, behavior, and performance deficits on tests purported to measure

frontal functioning were conducted on persons with identified, significant fiontal cortex

damage through neuroirnaging studies. Even though numerous neuroirnaging studies of

older adults have demonstrated neurological changes in the prefrontal cortex, these

changes are usually described as being less severe than the acquired brain lesions/damage

that result from cerebral vascular disease or other head trauama. Presumably, the effects

of age-associated prefrontal cortex neurological changes would be less than those

evidenced by more severely neurologically impaired persons. This suggests that the

specific measurement ofprefrontal cortex dysfunction in older adults by identified tests of

frontal lobe functioning is an even more difficult endeavor.

Additionally, as was the case in this study, age differentially relates to and efi’ects

performance on various measures of frontal lobe firnctioning (Phillips & Della Sala, 1999;

Moscovitch & Winocur, 1995; Shimamura, 1994). While some prefrontal cortex fimction

measures in this study were not significantly related to age (Vfluency, DSp, perseverative

errch on CVLT and RUFF, Stroop word naming trial, CVLT proactive interference

score) others were very strongly related (p3 .40; TMTa, SDMT, Stroop color- and color-

word naming trials, and WCSTnp).
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Furthermore, numerous studies have demonstrated that there is a significant

amount of shared variance between tests of prefrontal cortex firnction (Robbins et al.,

1998; Fisk & Warr, 1996; Salthouse et al., 1996; Salthouse 1992). The majority ofthese

studies have shown that controlling for the effects of processing speed eliminates a

significant proportion ofthe age effects on performance on tests of prefrontal cortex or

executive functioning. This may be an explanation for the EFA results in this study.

Specifically, the final two-factor solution of prefrontal cortex function in this study

contains one factor comprised ofWCST scores that do not involve a time constraint and

thus are most likely not related to processing speed. The remaining factor is comprised of

numerous tests that are all dependent, to some degree, on processing speed. Thus, it

provides a measure ofhow quickly a person can process information while sustaining their

attention, shifting mental sets, and inhibiting prepotent responses.

Relationsh_ip Between Measured Cpgnitive Functions aad Neuroanatomical

Substrates

The aging brain loses weight, volume, and neurons and experiences an increased

number of pathological structures and changes in neurochemistry. These changes have

been demonstrated to be disproportionally greater in the prefrontal cortex when compared

to other areas ofthe brain in post-mortum and neuroirnaging studies (Fabiani, Friedman,

& Cheng, 1998; Raglund et al., 1997; Haug & Eggers, 1991; Gur et al., 1987; Squire,

1987; Gerard & Weisberg, 1986; Strubel et al., 1985; Shaw et al., 1984; Scheibel et al.,

1975). However, some findings have been less conclusive and have indicated that other

brain regions demonstrate similar or even greater deterioration that the prefrontal cortex

(Coffey et al., 1992; Giaquinto, 1988; de Leon et al., 1984). In her critical review ofthe

frontal aging hypothesis, Greenwood (2000) concluded that while there were clear effects

of aging on brain structure and physiology which may underlie the altered patterns seen in

blood flow and metabolism during task performance, the evidence that prefrontal areas are

more vulnerable than other brain regions to these aging effects is weak.
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Others have emphasized that the changes in cognition with advancing age that

have been largely attributed to a decline in frontal lobe firnction cannot exclude the role

that the frontal-striatal and frontal-temporal-parietal circuits play in promoting cognitive

firnction. For example, Rubin (1999) demonstrated, through a neuroimaging study, that

the decrease in the size of the caudate is proportional to that ofthe prefrontal cortex and

that this volume change is accompanied by declines in inhibitory processes, executive

control, and cognitive speed similar to that demonstrated in normal aging. Schumacher et

al. ’3 (1996) PET study investigating performance on a verbal working memory task

consistently demonstrated overlapping activation ofthe dorsolateral prefrontal cortex,

Broca’s area, bilateral superior and posterior parietal cortices, anterior cingulate, and right

cerebellum. Thus, in addition to measuring prefrontal cortex firnction, performance on

tests purported to measure prefrontal cortex firnction such as those used in this study are

most likely also affected by lesions/impairment elsewhere in the brain, in part, because of

the extensive connections between the frontal lobes and other cortical and subcortical

areas.

The frontal lobes have been described as an executive for the rest ofthe brain and

have thus been referred to by many as the central executive. Parkin (1998) has argued

that the central executive does not exist. Specifically, he has stated that there is no

localization evidence, based on his review of neuroradiological and neuropsychological

studies, for a central executive and that tests identified as measuring executive firnction

should do so in a “qualitative way” rather than assuming that a range of specific tests

represent a unitary construct. Greenwood’s (2000) conclusion is similar in her critical

review ofWest’s (1996) prefrontal cortex theory of cognitive aging. She stated that while

the frontal lobes are subject to age-related changes reflected in both behavior and

pathology, evidence for a prefrontal cortex firnction theory of cognitive aging is both weak
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and conflicting. She argues that a network-based theory of cognitive aging spanning more

that one area of the brain is more appropriate. This is consistent with one of Salthouse et

al. ’5 (1996) conclusions that the source ofthe shared variance in different cognitive

measures purported to measure frontal functioning is not discrete and localized, but

instead corresponds to anatomical and/or physiological characteristics distributed across

many regions ofthe brain.

However, both West (2000) and Baddeley (1998) have argued in response to both

Parkin and Greenwood that significant and sufficient evidence exists to demonstrate that

the prefrontal cortex/central executive plays a substantial role in cognitive aging. Both

acknowledge that the prefrontal cortex/central executive does not exclusively and unitarily

control the aging process or the effects of cognitive aging as demonstrated by current

neuropsychological measures. Baddeley (1998) argues that the central executive exists as

a “concept” that provides a usefirl basis for studying the complexities of executive control

and identifying subprocesses that may then be mapped on to their anatomical substrate(s).

The theoretical debate about the accuracy and applicability ofthe prefrontal cortex

function theory to cognitive aging contributes to increased difficulties in validity of

measurement of prefrontal cortex functions. While some neuropsychological tests such as

those employed in this study may not be able to be definitively identified as measures of

specific prefrontal cortex functions because ofthe aforementioned issues, a review of

more recent neuroimaging studies with many ofthe measures in this study demonstrates a

significant, strong trend towards prefi'ontal cortex involvement. Additionally, one ofthe

ways to interpret the large amount of shared variance between tests purported to measure

frontal firnctioning is that all ofthese measures may be dependent upon the integrity ofa
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single neuroanatomical structure or system. The prefrontal cortex circuits (i.e., prefrontal-

striatal and prefrontal-parietal circuits) may be the best candidate currently for this single

structure or system.

In conclusion, the neuropsychological tests used in this study to measure prefiontal

cortex firnction most likely do not reflect firnctioning in discrete and independent

structures, nor are the age-related effects on them exclusively determined by distinct and

unique sets ofinfluences. However, this does not necessarily mean that some level of

specificity and localization could not exist. Many ofthe prefrontal cortex meausures in

this study that have been shown, through firnctional MRI studies, to be related to specific,

increased activity in the prefiontal cortex were found to be strongly related. Furthermore,

when combined with study findings demonstrating that prefi'ontal cortex function strongly

mediated the relationship between aging and poorer verbal memory performance, results

fiom this study are believed to support West’s and Baddeley’s beliefthat the prefi'ontal

cortex/central executive plays a substantial role in cognitive aging. Functional MRI

studies with healthy older adults that allow for the elimination ofthe contributions of other

areas ofthe brain to performance on the prefrontal cortex function tests used in this study

would provide firrther insight as to the localizability of such measures.

Sample Characteristics

The older adults in this study comprised a unique sample ofhighly educated, non-

depressed, independently living individuals. Education has been proposed to provide

protection against both normal and pathological aging processes (Stern et al., 1994;

Katzrnan, 1993; Mortiner, 1988). Capitani, Barbarotto, and Laicana (1996) proposed that

three different patterns ofassociation could be expected between age-related decline and

77



education: 1) parallelism: age-related decline runs the same course in different

educational groups, so that no interaction is observed; 2) protection: age-related decline

is attenuated in well-educated participants; and 3) confluence: the initial advantage of

well-educated participants in middle age is reduced in later life. Several studies have

demonstrated a strong association between educational level and performance on various

neuropsychological tests (Ardila, Ostrosky-Solis, Rosselli, and Gomez, 2000; Ardila,

Rosselli, & Ostrosky, 1992; and Heaton, Grant, & Mathews, 1986). Given these findings,

it could be assumed that the high level of education in the current sample, coupled with

the fact that many ofthe participants were retired university faculty and thus were more

familiar (and perhaps comfortable) with the use oftesting/evaluations, would have

significantly attenuated findings. Interestingly, the data do not appear to directly support

this assumption. Only three measures of prefrontal cortex function were significantly

positively associated with education and none ofthese measures were included in the final

measurement model of prefrontal cortex function. One ofthese measures, Digit Span

total score, had been previously shown to be associated with education (Ryan, Lopez, &

Paolo, 1996 and Powell &Whitla, 1994). However, a number of studies support current

findings that performance on measures of prefrontal cortex function may be minimally

affected by level of education in studies with older adults. In particular, Lowe and

Reynolds (1999) found that education was significantly negatively related only to the

number ofrandom responses made on a test ofverbal set-shifting and rule-induction

similar to the WCST. Christensen, Korten, Jorm, and Henderson (1997) found that

education has also been shown to be unrelated to processing speed, verbal memory, and

reaction time in older adults. In contrast, Ardilla et al. (2000) found that while education
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had a protective influence on a test measuring phonemic fluency, it had a confluent

influence Digit Span-backwards scores. However, in this study, the mean level of

education for the most highly educated group of adults ages 66 to 85 was 13.5 years,

substantially lower than that ofthe current sample. However, in a sample of older adults

with a minimum of 16 years of education, Powell and Whitla (1994) found that education

was significantly positively related to performance on tests of auditory attention and verbal

and non-verbal reasoning.

Notably in the Powell and Whitla (1994) study, the cognitive benefit ofeducation

was strongest for women, especially on tests ofreasoning. Since it was highly unusual for

women to attain advanced degrees in the 1940’s , it is likely that highly educated women,

like those in this study, may have been brighter, more highly motivated, and/or came from

homes that strongly valued intellectual activities. However, very few significant

differences were found between the performance ofmen and women on tests ofprefiontal

cortex function in this study. Despite the fact that the level of education was not

significantly different for men and women in this study, males performed significantly

better on the PASAT, completed more designs on the RUFF, and made fewer

perseverative errors on the CVLT. However, males made more non-perseverative errors

on the WCST. Overall, gender and level of education appeared to have had a minimal

impact on the final results ofthis study.

Depression has been demonstrated to have a negative effect on memory skills,

attention, verbal fluency, processing speed, and performance on tasks similar to the WCST

(King, Cox, Lyness, & Caine, 1995; LaRue, 1992; Rubin et al., 1991; and Emery &

Breslau, 1989). However, other studies have failed to replicate these findings (Boone et
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al., 1995 and Abas et al., 1990). Although the mean score on the depression measure

(GDS) for this sample was well below the cut-off suggestive of significant depressive

symptomatology, scores on the GDS were significantly negatively related to a number of

measures of prefrontal cortex functioning, including four measures used in the final

measurement model (PASAT, TMTb, WCST perseverative errors, and the Stroop color-

word naming trial). This finding has significant treatment and research implications. First,

it suggests that participants in this study, who were highly educated and firnctioned

independently, may be more sensitive to and thus more affected by even minimal levels of

depressive symptomatology. Professionals working with these individuals would therefore

need to be more alert to even subtle observed or reported changes in mood, as this could

have a significant, negative effect on cognitive firnctioning. Second, it suggests that

research investigating the effects of level of depression on cognitive firnctioning in older

adults that classifies participants as “depressed” or “non-depressed” may be overlooking

subtle but significant differences within classified groups that could have a major impact

upon cognitive and psychosocial firnctioning.

The Mediating Role ofPrefrontal Cortex Function

The second hypothesis, that prefrontal cortex firnction mediates the relationship

between age and verbal memory performance, was strongly supported. The direct effect

ofage on verbal memory performance became insignificant when the indirect effect of

prefrontal cortex function, as represented by working memory and interference control,

was considered. In fact, the direct effect ofage on verbal memory performance became

almost negligible (standardardized coefficient = .07), indicating that prefrontal cortex
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fimction accounted for nearly all ofthe decline in verbal memory performance with

advancing age in this sample ofhealthy, independently living older adults. While the direct

effects model evaluating the relationship between age and verbal memory performance

was the weakest of the three models evaluated, the direct, significant relationship between

increasing age and poorer verbal memory performance had already been previously

demonstrated through correlational analyses.

These results are consistent with both neuroimaging and neuropsychological

studies demonstrating relationships between age, prefrontal cortex firnctioning, and verbal

memory. Shallice et al. (1994) demonstrated that verbal episodic memory involves a

network of specific prefrontal and posterior structures in healthy middle-aged adults.

Petrides, Alivisatos, and Evans’ (1995) firnctional MRI study of healthy young adults

found that the mid-ventrolateral frontal cortex was directly involved in active retrieval

mechanisms during a verbal memory task and the mid-dorsolateral frontal region

participated in free recall, which they concluded was a result ofworking memory

requirements during the verbal memory task. In Stuss et al. ’3 (1994) study examining

organizational strategies of patients with unilateral or bilateral frontal lobe injuries on a

word list learning task, all patients with frontal lesions demonstrated impaired verbal recall

due to poor higher order organization oflearning. In particular, those patients with right

frontal lesions demonstrated excess intralist repetitions/perseverations. Parkin and Walter

(1991) examined the relationship between age, short-term memory, and frontal

dysfunction and found that age-related differences on a verbal memory task reflected a

deficit in initial acquisition and a retrieval deficit stemming from the fiontal atrophy known

to be associated with normal aging. In a conditional associative learning (CAL) study that
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compared the performances of patients with frontal lobe lesions to healthy older adults,

both groups demonstrated impaired CAL performance, but the deficit was greater in the

former group where it was specific to patients with dorsolateral prefrontal cortex lesions

(Levine, Stuss, & Milberg, 1997). The authors concluded that the congruence between

older adults and frontal lobe patients suggested that age-related decline in inhibitory

processes is due to dorsolateral prefrontal cortex dysfunction. Current study results

support this conclusion. Reuter-Lorenz (2000) studied PET activation patterns of

younger and older adults during both letter identity and spatial location memory tasks.

Younger adults showed left-sided frontal activation for the letter identity task and right-

sided frontal activation for the spatial location task, whereas older adults showed bilateral

frontal activation for both tasks. These results were interpreted to suggest that the greater

demands on storage and maintenance in older adults or an increased need to elaborate

stimulus representations that have been less well-encoded lead to bilateral fiontal

activation. Another possibility is that prefrontal/executive processes are selectively

impaired in older adults and that the effort to recruit all available prefrontal cortical

resources results in increased activation of prefi'ontal areas in older but not younger adults.

The current mediating model ofprefiontal cortex function indicates a strong, direct

relationship between age and interference control, which then indirectly, significantly

affects verbal memory performance. Thus, decline in verbal memory performance is a

result of declining sustained attention, processing speed, interference and inhibitory

control skills, which are negatively influenced by advancing age. This same indirect

relationship was not demonstrated with working memory. While working memory had a

significant, indirect effect on verbal memory performance, its role as a mediator between
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age and verbal memory performance was significantly influenced by interference control.

This indicates that for the older adults in this study, the negative effect of advancing age

did not have a significant direct effect on working memory skills. Rather, advancing age

significantly negatively influenced interference control skills that then significantly affected

working memory performance, leading to a decline in verbal recall. Theoretically, this is

consistent with West’s (1996) theory. Task irrelevant information needs to be cleared

from working memory stores (interference control) and an action sequence must be

prevented from becoming influenced by a dominant internal response pattern (inhibition of

prepotent responses) in order for working memory skills to be optimized. Interpretation

with the current measurement model suggests that attention must be sustained,

information must be processed quickly, interfering information must be controlled, and

previously rewarded internal response patterns must be inhibited in order to be able

optimize working memory ability. Once this occurs, working memory performance then

mediates the relationship between age and verbal memory performance.

Consistent with this interpretation of current study findings, Chao and Knight

(1997) found that the percentage of perseverative errors and overall performance on the

WCST were positively correlated with measures of distractibility and sustained attention

during a event-related potential study using an auditory delayed match-to-sample task

comparing the performances of younger and older adults. Additional support for the

aforementioned interpretation of current study findings is found in the expanding body of

research implicating the significant role of processing speed in the relationship between

age and performance on neuropsychological measures. Measures ofexecutive functioning

were found to be less important in accounting for age differences between younger and
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older adults on a verbal associative learning task than measures ofthe learners’ perceptual

speed (Fisk & Warr, 1998). These same researchers (1996) demonstrated age difi‘erences

in central executive firnctioning are primarily attributable to a decline in the rate at which

information is activated within the working memory system. In a study examining the

effect of fluid intelligence and processing speed on performance of frontal lobe function

measures, Parkin and Java (1999) concluded that a large proportion ofthe age-related

variance on measures offrontal lobe firnction may be attributable to a more general factor

characterized jointly by fluid intelligence and processing speed. Salthouse has

demonstrated, in a number of studies, that slower processing speed mediates the

relationship between age, performance on executive measures, and memory (Fristoe,

Salthouse, & Woodard, 1997; Salthouse et al., 1996; Salthouse, 1994).

While all of these studies demonstrate that speed of information processing plays a

significant role in the relationship between age and performance on both prefrontal cortex

firnction and memory measures, closer examination ofthe tests used to assess processing

speed and prefrontal cortex/executive firnctioning raises questions as to the definitiveness

of some ofthe conclusions. Many ofthe measures of processing speed used in the

aforementioned studies have been labeled by others (including this author) as tests of

prefrontal cortex/executive functioning and nearly all measures require sustained attention

ability. For example, the Digit Symbol test from the WAIS-III (Wechsler, 1999), which is

nearly identical to the Symbol Digit Modalities Test used in this study, was employed as a

measure ofprocessing speed in many ofthe aforementioned studies (Parkin & Java, 1999;

Salthouse, 1994; Fristoe et al, 1997). Performance on this test is not only dependent on

processing speed, it also requires sustained attention and working memory skills. In the



Fisk and Warr (1996) study only one measure of working memory span and one measure

of executive functioning were used, neither ofwhich were standardized

neuropsychological tests. Finally, one ofthe measures of frontal lobe firnction, category

fluency, that Parkin and Jave (1999) employed has been consistently shown in

neuroimaging studies to be weakly or unrelated to prefrontal cortex involvement.

In conclusion, while these measurement issues do not negate the consistent

findings that processing speed plays a significant role in the relationship between age,

prefrontal cortex firnction, and memory performance, it is apparent that these studies are

also plagued by the issue of difficulty in specifically and selectively identifying and

measuring cognitive processes. Salthouse et al. (1996) acknowledge that neuroanatomical

and neurophysiological factors responsible for the age-related reduction in processing

speed still need to be identified and that speed ofinformation processing plays an

important, although not exclusive, role in cognitive aging. Notably, because many ofthe

measures in this study have been found to share a proportion oftheir age-related variance

with other measures, including those related to processing speed, it is likely that the age-

related influences on current prefrontal cortex firnction measures are not independent.

However, the use of structural equation modeling to investigate the second hypothesis in

this study allowed the investigation ofboth the common and specific age-related

influences that contributed to the relationship between age, performance on prefrontal

cortex function measures, and verbal memory. Nonetheless, a consistent theme apparent

in current study findings and those summarized above is that processing speed, sustained

attention, and the ability to control interfering stimuli play a critical role in verbal memory

performance and are negatively influenced by advancing age.
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Theoretical Considerations and Future Directions

The results of this study partially supported West’s (1996) prefrontal cortex

firnction theory of cognitive aging by demonstrating that prefrontal cortex firnction

strongly mediated the relationship between advancing age and declining verbal memory

performance. However, the measurement model of prefrontal cortex function generated

from this data set did not support the underlying secondary processes ofprefrontal cortex

firnction that West outlined. Instead, it suggested that a factor representing measures of

sustained attention, interference control, processing speed, and mental flexibility and a

working memory factor provided the best representation of prefrontal cortex or executive

firnction for this sample. While this model still appears consistent with, although less

specific than, the model that West (1996) proposed, a briefreview of alternative

theoretical considerations is warranted.

1n Greenwood’s (2000) critical evaluation ofthe prefrontal cortex function theory

ofcognitive aging, she concludes that there is only “weak and conflicting evidence that

frontal regions are selectively and differentially affect by aging” (pp. 705). She suggests

that a better approach to conceptualizing the complex effects of aging on cognition is to

consider the effects of aging on the integrity of a processing network that involves more

than the frontal lobes. Mesularn (1998) has proposed a model ofbrain organization based

on “transmodal areas”. These transmodal areas work in combination with primary sensory

areas and are divided into five networks, one ofwhich is a “working memory-executive

firnction” network. Greenwood (2000) suggests that Mesularn’s theory, in combination

with a myelin-based theory ofbrain aging (which proposes that age-related changes in



cognition are the result of deterioration in axonal myelination), could account for much of

the evidence on which the frontal aging hypothesis is based. Specifically, processing

networks more highly dependent on corticocortical connections, such as the working

memory-executive function network, would be increasingly vulnerable to the effects of

demyelination with advancing age. Interestingly, this theory does not appear to

significantly depart from West’s (1996) theory in its emphasis on neurophysiology and

prefrontal cortex fimction. Greenwood’s suggested theory emphasized networks as

opposed to a specific area/lobe of the brain.

Baddeley (1998) has also suggested this as a more appropriate way to view the

role of the prefrontal cortex in cognitive aging. He has proposed that the frontal lobes

represent a large and multi-faceted area ofthe brain which is unlikely to be unitary in

firnction and that is best described as a “central executive” system. Executive processes

are likely to involve links between different parts ofthe brain and hence are unlikely to be

exclusively associated with the fi'ontal lobes. Consequently, persons without clear

evidence of frontal damage may conceivably have executive deficits, such as those

demonstrated with advancing age. Thus, the central executive provides a usefirl basis for

studying the complexities ofexecutive control and identifying subprocesses, which may

then be mapped onto their neuroanatomical substrates (Baddeley, 1998).

While current study results strongly supported the mediating role ofprefrontal

cortex/executive firnction in the relationship between declining verbal memory

performance with advancing age, the underlying processes comprising prefrontal cortex

firnction were somewhat inconsistent with West’s (1996) theory. It is possible that with

larger sample size, a broader range of education among participants, and additional, more
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sensitive measures of prefrontal cortex firnction (such as those previously mentioned),

results may have been improved. Furthermore, inclusion of ecologically valid rating scales

to be completed by participants and family members (requesting ratings about

demonstrated behaviors consistent with prefiontal cortex/executive dysfunction), in

combination with the use of firnctional MRI procedures, would have provided the most

comprehensive and accurate way to evaluate the hypotheses in this study.
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Table A-1: Correlations Between Demographic and Prefrontal Cortex Functioning

APPENDIX A

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Variables

Age Education

PASAT -.38** .15

RFFTdes -.24** .27"

RFFTper -. 13 .01

STROOPw -. 13 .16

STROOPc -.45** -.05

STROOPcw -.48** .19

TMTa .53“ .16

TMTb .35" -.O9

DSptot -. 17 20*

VMSptot -.29** .08

WCSTcat -.29** -.06

WCSTper .34" -.02

WCSTnp .42** .15

SDMT -.51** .07

CVLTpi -.06 .08

CVLTper -.08 .25M

Vfluency -.06 .18  
 

 

 
N = 109; * p < .05, ** p < .01. PASAT = Paced Auditory Serial Addition Test raw score; RFFTdes =

Ruff Figural Fluency Test total designs; RFFTper = Rufl'Figural Fluency Test total perseverations;

STROOPw = Stroop Color-Word Test raw score — word naming trial; STROOPc = Stroop Color-Word

Test raw score - color naming trial; STROOPcw = Stroop Color-Word Test raw score — color-word

naming trial; TMTa = Trailmaking Test Part A total seconds; TMTb = Trailmaking Test Part B total

seconds; Dsptot = Digit Span total score; VMSptot = Visual Memory Span total score; WCSTcat =

Wisconsin Card Sorting Test total categories achieved; WCSTper = Wisconsin Card Sorting Test

perseverative errors; WCSTnp = Wisconsin Card Sorting Test non-perseverative errors; SDMT = Symbol

Digit Modalities Test total score; CVLTpi = California Verbal Learning Test proactive interference score;

CVLTper = California Verbal Learning Test total perseverative errors; Vfluency = COWAT total score.
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Table A-2: Relationship Between Gender and Prefrontal Cortex Functioning Variables

APPENDIX B

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Sum of Squares F P

PASAT 11745.88 5.70 .02“ (males perform better)

RFFTdes 2085.04 4.60 .03“ (males perform better)

RFFTper 286.39 1.62 .21

STROOPw 321.88 1.32 .25

STROOPc 198.41 1.39 .24

STROOPcw 6.86 6.86 .79

TMTa 338.68 2.07 .15

TMTb 1993.78 0.95 .33

Dsptot 31.02 2.36 .13

VMSptot 6.23 0.80 .37

WCSTcat 7.43 2.63 .11

WCSTper 138.54 1.20 .28

WCSTnp 1085.15 11.0 .00" (males make more NPE’s)

SDMT 32.29 0.37 .54

CVLTpi 4.09 1.34 .25

CVLTper 89.17 5.45 .02* Quales make fewer errors)

Vfluency 1 5.69 . l 3 .72     
 

N = 102; df= 100; * p < .05, ** p < .01. PASAT = Paced Auditory Serial Addition Test raw score;

RFFTdes = Ruff Figural Fluency Test total designs; RFFTper = Ruff Figural Fluency Test total

perseverations; STROOPw = Stroop Color-Word Test raw score — word naming trial; STROOPc = Stroop

Color-Word Test raw score - color naming trial; STROOPcw = Stroop Color-Word Test raw score -

color-word naming trial; TMTa = Trailmaking Test Part A total seconds; TMTb = Trailmaking Test Part

B total seconds; Dsptot = Digit Span total score; VMSptot = Visual Memory Span total score; WCSTcat =

Wisconsin Card Sorting Test total categories achieved; WCSTper = Wisconsin Card Sorting Test

perseverative errors; SDMT = Symbol Digit Modalities Test total score; P1 = California Verbal Learning

Test proactive interference score; CVLTper = California Verbal learning Test total perseverative errors;

Vfluency = COWAT total score.
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APPENDIX C

Table A-3: Significant Pearson Product-Moment Coefficients for Depression and

Prefrontal Cortex Functioning Measures

 

 

PASAT TMTa TMTb VMSp WCSTper Stroopcw RFFTdes
 

 GDS  -.20*  .23*  .32"  -.21*  .23*  -.25*  -.33**
 

 

N = 102; * p < .05, ** p < .01. GDS total = Geriatric Depression Scale total score; PASAT = Paced

Serial Auditory Addition Test, total score; TMTa = Trailmaking Test Part A; TMTb = Trailmaking Test

Part B; VMSp = Visual Memory Span total from the Wecshler Memory Scale-Revised; WCSTper =

Wisconsin Card Sorting Test perseverative error score; Stroopcw = Stroop Color-Word Test — color-word

naming trial; RFFTdes = Ruff Figural Fluency Test total designs.
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APPENDIX D

Table A-4: Pearson Product Correlation Coefficients between Prefrontal Cortex Function

Measures

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

DSp VMSp PASAT Vflueng SDMT TMTa TMTb CVLTper CVLTpi

DSp 1.00 .04

VMSp .38” 1.00 .08

PASAT .44” .41” 1.00 -.02

SDMT .30” .44" .58" .25‘ 1.00 .08

TMTa -. 13 ~37“ -.4l ” -.22‘ -.60” 1.00 .03

TMTb -.38” -.43” -.41“ -.23‘ -.56“ .53” 1.00 -. l 7

CVLTper .03 -.01 .02 .06 .08 -. 13 -.09 1.00 -.15

Stroopw .18 .12 .40” .40” .44" -.26” -.28” -.05 —.ll

Stroopc .27” .26“ .45” .27" .60“ - 45" -.34” -.01 -.1 1

Stroopcw .35” .37" .53" .39” .60” -.43” ~53” -.03 .05

WCSTcat .07 .02 . 16 .04 .27" -.24‘ -.25‘ .22‘ .04

WCSTper -.13 -.05 -.28" -.21‘ -.36” .25‘ .34“ -.11 .04

WCSTnp -. l O —.04 -.29” -.05 -.33” .33“ .21’ -.27“ -.03

RFFTdes .37” .32” .52“ .26” .51“ -.39“ -.47” -.02 .01

WE -.09 .02 .00 .10 .16 -.12 o.14 -.04 .08

Vfluency .25‘ .08 .37“ 1.00 .25‘ -.22‘ -.23‘ .06 -.26“

Stroopw Stroopc Stroopcw WCSTcat WCSTper WCSTnp RFFTdes

Stroopw 1.00

Stroqrc .60” 1.00

Stroopcw .47“ .66” 1.00

WCSTcat .10 .25' .40” 1.00

WCSTper -. l 4 -.27“ -.44“ -.72” 1.00

WCSTnp -.01 -.32“ -.46“ -.76" .71“ 1.00

RFFTdes .27” .36” .46” .19 -.25‘ -.21' 1.00

RFFTper . 12 .09 .01 .04 -.O8 .01 .00 1.00          
 

 

N = 102; * p < .05, ** p < .01. WCSTcat = Wisconsin Card Sorting Test total categories achieved; DSp =

Digit Span total from the Wecshler Memory Scale-Revised (WMS-R); VMSp = Visual Memory Span total

from the WMS-R; PASAT = Paced Auditory Serial Addition Test total raw score; SDMT = Symbol Digit

Modalities Test; TMTa = Trailmaking Test Part A; TMTb = Trailmaking Test Part B; CVLTper =

California Verbal Learning Test — total perseverative errors; CVLTpi = California Verbal Learning Test

Proactive Interference Score; Stroopw = Stroop Color-Word Test, word naming trial raw score; Stroopc =

Stroop Color-Word Test, color naming trial raw score; Stroopcw = Stroop Color-Word Test, color-word

trial raw score; WCSTper = Wisconsin Card Sorting Test perseverative error score; WCSTnp =

Wisconsin Card Sorting Test non-perseverative error score; RFFTdes = Ruff Figural Fluency Test total

designs; RFFTper = Ruff Figural Fluency Test total perseverative errors; Vfluency = Verbal Fluency total

score. '
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APPENDIX B

Table A-5: Pearson Product Correlations Between Prefrontal Cortex Function

Variables and Verbal Memory Measures

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Lmtot CVLTtot CVLTsf CVLTlf CVLTrec

PASAT .33" .27" .16 .17 .16

RUFFdes .18 .21* .15 .14 .05

RFFTper .10 .02 .00 .12 -.04

TMTa -.16 -.25* -.14 -.17 -.01

TMTb -.16 -.26** -.18 -.17 -.06

SDMT .35" .32** 24* .21* .02

DSptot .30" .20* .16 .10 .12

VMSptot .09 .15 .07 -.01 -.11

CVLTper -.08 .32" .19 23* -.01

CVLTpi .17 .15 .16 .15 .02

Vfluency . 13 . 14 .08 .07 .06

WCSTcat 25* .29" .15 21* .15

WCSTjrer -.28** -.28** -.15 -. 19 -. 18

WCSTnp -.36** -.45** -.36** -.41** -.38**

Stroopw . 16 . 12 .02 .06 .04

Stroopc .18 .31" 22* 25* .12

Stroopcw .34** .38“ 25* .26" 23*      
 

 
N = 102, ‘ p < .05, “‘ p < .01. LMtot = Logical Memory immediate memory total score; CVLTtot = California

Verbal Learning Test total recall trials 1-5; CVLTsf= California Verbal Learning Test short delay free recall total;

CVLTlf= California Verbal Learning Test long delay free recall total; CVLTrec = California Verbal Learning Test

recognition trial total; PASAT = Paced Auditory Serial Addition Test raw score; RFFTdes = Ruff Figural Fluency

Test total designs; RFFTper = RuffFigural Fluency Test total perseverations; STROOPw = Stroop Color-Word Test

raw score - word naming trial; STROOPc = Stroop Color-Word Test raw score - color naming trial; STROOPcw =

Stroop Color-Word Test raw score -— color-word naming trial; TMTa = Trailmaking Test Part A total seconds; TMTb

= Trailmaking Test Part B total seconds; Dsptot = Digit Span total score; VMSptot = Visual Memory Span total

score; WCSTcat = Wisconsin Card Sorting Test total categories achieved; WCSTper = Wisconsin Card Sorting Test

perseverative errors; Wisconsin Card Sorting Test non-perseverative errors; SDMT = Symbol Digit Modalities Test

total score; CVLTpi = California Verbal Learning Test poactive interference score; CVLTper = California Verbal

Learning Test total perseverative errors; Vfluency = COWAT total score.
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