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With the population of older adults expected to grow rapidly over the next two
decades, it has become increasingly important to advance research efforts to elucidate
the mechanisms associated with cognitive aging, with the ultimate goal of developing
effective interventions and prevention therapies. Although there has been a vast research
literature on the use of cognitive tests to evaluate the effects of aging and age-related
neurodegenerative disease, the need for a set of standardized measures to characterize
the cognitive profiles specific to healthy aging has been widely recognized. Here we
present a review of selected methods and approaches that have been applied in human
research studies to evaluate the effects of aging on cognition, including executive
function, memory, processing speed, language, and visuospatial function. The effects
of healthy aging on each of these cognitive domains are discussed with examples from
cognitive/experimental and clinical/neuropsychological approaches. Further, we consider
those measures that have clear conceptual and methodological links to tasks currently
in use for non-human animal studies of aging, as well as those that have the potential
for translation to animal aging research. Having a complementary set of measures to
assess the cognitive profiles of healthy aging across species provides a unique opportunity
to enhance research efforts for cross-sectional, longitudinal, and intervention studies
of cognitive aging. Taking a cross-species, translational approach will help to advance
cognitive aging research, leading to a greater understanding of associated neurobiological
mechanisms with the potential for developing effective interventions and prevention

therapies for age-related cognitive decline.
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INTRODUCTION

Preserving our cognitive abilities is an essential part of main-
taining a high quality of life as we age. Although an extensive
and varied literature exists in the use of cognitive measures to
assess the effects of aging and age-related neurological disease,
the development of a standardized and widely available set of
tests to characterize the profiles associated with healthy cognitive
aging has been recognized as an important direction for advanc-
ing future research (Wagster, 2009). It is well established that
healthy aging is associated with declines in aspects of memory,
executive function, and information processing speed, as well as
other selected cognitive abilities (Zec, 1995; Lezak et al., 2012).
There are, however, substantial individual differences in the abil-
ity of elders to maintain their cognitive functions during aging.
This heterogeneity can be viewed as a continuum extending from
“successful cognitive aging” with the ability to maintain high lev-
els of functioning throughout the lifespan, to pathological aging,
with impairment in memory and other cognitive abilities often

leading to dementia (Daffner, 2010). Understanding why some
individuals demonstrate successful cognitive aging and others do
not may provide an essential foundation for developing effective
interventions to enhance the abilities and quality of life for the
rapidly growing population of community-dwelling elderly.

The opportunities to relate tests of cognitive abilities to current
and emerging measures of neural system integrity and func-
tion, to genetic variability and biological risk factors, and to
health and lifestyle characteristics may lead to the development
of useful biomarkers of cognitive aging. The development of such
biomarkers to evaluate the effects of healthy aging on cognition
complements recent efforts to identify optimal markers of age-
related neurodegenerative disease (e.g., Jack et al., 2008). The
availability of biomarkers that are sensitive to the early cogni-
tive effects of aging and that can help track their longitudinal
progression will be important for evaluating targeted interven-
tions and prevention therapies designed to delay or diminish
declines associated with cognitive aging. Further, using tests that
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can be conceptually and methodologically linked to measures
used in studies of non-human animal models of aging provides
a valuable and unique opportunity to advance understanding
of the underlying neural mechanisms that influence cognitive
aging. In this context, studies of aging in non-human primates
and rodents provide an important complement to human studies
with the potential for identifying the underlying neurobiologi-
cal substrates of cognitive aging (see Moss et al., 2007; LaSarge
and Nicolle, 2009). This translational approach to cognitive aging
research may help to identify new molecular pathways and tar-
gets for the development of effective interventions and prevention
therapies.

To support and advance such translational research in cogni-
tive aging, we propose the need for the development and imple-
mentation of a set of measures to characterize cognitive profiles
that are: (1) able to evaluate group differences in both cross-
sectional and longitudinal studies of healthy aging; (2) sensitive
to individual differences in performance within the continuum of
healthy cognitive aging; (3) able to characterize the broad range
of abilities across multiple cognitive domains that may be dis-
tinct from the impact of both incipient and clinically evident
neurological disease; and (4) able to support cross-species trans-
lation between human and non-human animal models of aging
to advance research into the underlying neural mechanisms of
cognitive aging.

In this article, we present a selected review of methods and
approaches used to evaluate the higher-order cognitive processes
altered by healthy cognitive aging. We focus on five major cogni-
tive domains, including executive function, memory, processing
speed, language, and visuospatial function. Well-established age
effects are discussed, while also considering aspects of those
domains that can remain relatively preserved to provide the
potential for developing a characteristic multi-domain profile of
cognitive aging. For each domain, perspectives from both cogni-
tive/experimental and clinical/neuropsychological approaches are
presented. Further, we consider those measures that have linkages
to tasks currently in use in studies of animal models of aging, as
well as those that have the promise of being readily translated for
research with non-human primates and rodent studies of aging.
Our goal is not to provide a comprehensive description of tests
for animal models, but rather to suggest human tests for studies
of cognitive aging with unique potential for linkages to animal
paradigms. Many of these tasks are also described in more detail
in the companion papers in this issue. Together with important
contributions by the NIH Toolbox for Assessment of Neurological
and Behavioral Function (www.nihtoolbox.org) and other related
initiatives, such measures may provide an array of complemen-
tary methodological tools that will help to greatly advance cogni-
tive aging research, with the ultimate goal of identifying effective
interventions and prevention therapies for age-related cognitive
decline.

EXECUTIVE FUNCTION

Numerous approaches and models have attempted to character-
ize executive function in humans. Many suggest that there may be
some overarching unitary function that captures what we mean
by executive function, such as attentional control (e.g., Kane et al.,

2007) or goal maintenance (Braver and West, 2008). Subsumed
under this general rubric, however, is a diversity of processes
that are engaged differentially depending on task demands. Based
on converging evidence from the cognitive/experimental, clini-
cal/neuropsychological, and neuroimaging literatures, we iden-
tified three sub-processes of executive function—task-switching,
updating, and inhibition—that have been associated with differ-
ent brain regions in prefrontal cortex and appear to be negatively
affected by normal and pathological aging. In this section, we
discuss the supporting evidence for the existence of these spe-
cific executive processes and propose a set of tests to measure
them. We also include working memory, focusing on its executive
components.

EVIDENCE FROM COGNITIVE/EXPERIMENTAL STUDIES

The most influential model of executive function emerging from
the cognitive/experimental approach is a model proposed by
Miyake et al. (2000) based on confirmatory factor analysis (CFA)
and structural equation modeling (SEM). Miyake et al’s model,
based on 137 young adults, identified three latent factors that
they called task or set shifting, updating and monitoring of work-
ing memory, and inhibition of prepotent responses, with three
tasks loading on each factor. The model suggests that these three
latent factors tap separable components of executive function,
but they are also correlated with each other suggesting they may
share common variance as well. A subsequent SEM looked at
the extent to which these latent variables predicted performance
on more complex executive function tasks. This analysis indi-
cated that shifting uniquely predicted perseverative errors on the
Wisconsin Card Sorting Test, updating predicted performance on
Operation Span, and inhibition predicted performance on the
Tower of Hanoi task. Both updating and inhibition predicted
performance on Random Number Generation (RNG).

Fisk and Sharp (2004), in a subsequent principal compo-
nents analysis of a subset of the complex executive function tasks
(WCST, span tasks, and RNG) in a group of 95 adults aged 20-81,
obtained a similar factor structure across all ages, plus a fourth
factor, which they called efficiency of lexical access (measured by
verbal fluency). Vaughan and Giovanello (2010) in a study of 95
older adults, aged 60-90 years old, confirmed the same three-
factor structure as obtained by Miyake et al. (see also Latzman and
Markon, 2010) and further showed that the executive function
latent variables, particularly task switching, predicted perfor-
mance on instrumental activities of daily living (IADLs; see also
Bell-McGinty et al., 2002). Two other studies with older adults
found two-factor structures: Hedden and Yoon (2006) found a
combined shifting/updating factor and a separate inhibition of
proactive interference factor, whereas Hull et al. (2008) found
separate shifting and updating factors but no inhibition factor.

Inhibition in particular appears not to be a single construct
but may tap different underlying inhibitory functions dependent
on the tasks. Friedman and Miyake (2004) in a follow-up study of
the inhibition factor found two separate inhibitory functions—
inhibition of prepotent responses (and distractors), and resistance
to proactive interference. Resistance to proactive interference has
also been hypothesized to be a key problem in working mem-
ory tasks (e.g., May et al., 1999), and indeed Friedman and
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Miyake (2004) found that resistance to proactive interference pre-
dicted reading span. It is therefore likely that successful updating
requires the ability to overcome proactive interference.

EVIDENCE FROM FOCAL FRONTAL LESION PATIENTS

Task-switching, updating and inhibition have also been iden-
tified in the clinical literature as frontal-based processes that
are impaired differentially in patients with lesions to different
regions of prefrontal cortex. Furthermore, although tasks requir-
ing switching of task sets such as those used in the Miyake
model are much simpler than tasks such as WCST, studies of
individuals with focal frontal lesions suggest that even these
simple tasks may require several executive processes depend-
ing on the precise demands of the task and the measures
that one derives from them (e.g., Shallice et al., 2008; Stuss,
2011). Thus, correlations among latent variables in the statis-
tical models may occur not because of some common over-
riding executive process but because even simple tasks are not
process pure. Task-switching, for example, may require updat-
ing, monitoring, and inhibition as well as task-setting and
switching.

Nevertheless, it is possible to separate some of these processes
in focal lesion patients. In a review of the assessment methods
for frontal lobe dysfunction, Stuss and Levine (2002) reported
that dorsolateral prefrontal (DLPFC) lesions were preferentially
associated with the set-shifting aspect of the WCST, whereas
loss of set was evident in patients with ventrolateral prefrontal
cortex (VLPFC) lesions, perhaps attributable to greater suscep-
tibility to interference. In two more recent papers, Stuss (2011)
and Stuss and Alexander (2007) identified two domain-general
executive processes that are impaired in patients with dorsolat-
eral frontal lesions—task-setting, which was defined as setting of
stimulus-response contingencies in any task (left DLPFC), and
monitoring of ongoing performance (right DLPFC). Although
these processes do not map exactly onto the latent variable
constructs from the factor analytic models, they nevertheless
seem broadly consistent with or related to the processes of
task-shifting, monitoring, and control of interference that were
identified in those models. Stuss et al. also identified a pro-
cess referred to as energization (which they did not describe
as an executive process), which involved the initiation and sus-
taining of a response and was associated with superior medial
prefrontal cortex. They found that patients with lesions in this
region showed impairments in the incongruent condition of
the Stroop task (and other reaction time (RT) tasks), which
they attributed to a failure to sustain activation of the intended
response.

EVIDENCE FROM NEUROIMAGING

Neuroimaging studies have also found evidence consistent with
multiple executive functions. For example, DLPFC has been asso-
ciated with complex span tasks that require updating and moni-
toring of working memory (e.g., D’Esposito et al., 1999), whereas
VLPFC has been associated with control of proactive interfer-
ence and inhibition of prepotent responses (Jonides et al., 1998;
D’Esposito et al., 2000). Task switching has been associated pri-
marily with DLPFC, but VLPFC and parietal cortex have also

been implicated (Braver et al., 2003), consistent with the idea
that executive control functions involve a frontoparietal network.
Sylvester et al. (2003) noted common areas of activation in sev-
eral regions of prefrontal and parietal cortices for task switching
and inhibition, as well as unique areas for each construct. Kim
et al. (2011), in a recent study of cognitive flexibility, identified
a domain-general switching mechanism that was localized to the
inferior frontal junction (BA 44/6/9) and posterior parietal cor-
tex (BA 7/40), and several domain-specific switching regions in
medial and lateral prefrontal cortex (PFC) that varied as a func-
tion of the type of switching (cognitive set, stimulus or response).
Finally, in a meta-analysis of neuroimaging studies of the WCST,
task-switching and a go/no-go task, Buchsbaum et al. (2005) sim-
ilarly reported a common frontal parietal network with specific
sub-areas of PFC associated with task-switching (bilateral VLPFC,
BA 47) and response inhibition (right DLPFC, BA 44/45/46).
These findings, although not entirely consistent on the specific
localization of different functions, nevertheless are fairly consis-
tent in revealing distinctions between the constructs of shifting,
updating and monitoring, and inhibition.

EVIDENCE FROM AGING
Similar constructs have been examined in the aging literature but
not all of them have been found to be age-sensitive. For exam-
ple, age effects in task-switching have tended to be found in global
switching but not in local switching (e.g., Verhaeghen and Cerella,
2002). Global switching costs reflect the increased time taken to
complete a block of trials in which two tasks have to be performed
in alternating or random order, compared to blocks of trials in
which each of the tasks are performed separately. Local switch-
ing costs are measured as within-block time differences between
switch trials and non-switch trials. Although both switches result
in increased reaction times, the global cost seems to be most
affected by age. This finding may be partly attributable to the extra
costs of maintaining the two task sets in working memory.
Working memory tasks have generally shown substantial age
effects particularly on the more complex span tasks, such as read-
ing and operation span, which require updating and monitoring.
These tasks also predict higher cognitive functions such as rea-
soning and problem solving (Kyllonen and Christal, 1990; Engle
et al., 1999), episodic memory (Park et al., 1996), and fluid intel-
ligence (see Kane et al., 2007) in both older and younger people.
Age effects in measures of inhibition have not been found reli-
ably in older adults, particularly on one of the most commonly
used tests of inhibitory function, the Stroop (1935), although
some studies have shown age-related deficits (e.g., Davidson et al.,
2003). However, a recent study (Clark et al., 2012) reported that
scores on a color-word interference test from the Delis-Kaplan
Executive Function System (D-KEES) were predictive of cognitive
decline on the Dementia Rating Scale (Mattis, 1988) a year later,
suggesting this test might be sensitive particularly to pathologi-
cal aging (see also, Hutchison et al., 2010; Bayard et al., 2011).
Older adults do show age-related deficits on tasks that require
control of proactive interference (see, Hasher et al., 2007), and
on stop-signal and go/no-go tasks as well as anti-saccade tasks
(e.g., Nielson et al., 2002; Hasher et al., 2007), which have been
associated with inhibition.
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EXECUTIVE FUNCTION TESTS

Although there is still considerable inconsistency in the literature,
there is some consensus that there are at least three separable
functions or processes, similar to those identified in Miyake
et al. (2000)—task or set shifting, updating, and monitoring, and
inhibition—which seem to depend partly on different regions of
prefrontal cortex. In addition, inhibition may be further divided
into two sub-components: inhibition of prepotent responses or
distractors, and resistance to proactive interference. Complex
tasks may require more than one of these processes. We therefore
recommend that the executive function tasks used in cognitive
aging be selected so as to tap into one of these identified func-
tions, and that they be age-sensitive. We also suggest that one or
more of the complex tasks that have been commonly reported
in the literature be included for comparisons to previous studies
and to potentially allow for a de-construction of the component
processes underlying these tasks.

For each of the component processes, three tests that are
related to the underlying process of interest should be selected.
Ideally these tests should differ in other aspects so that the com-
posite is most likely to reflect the targeted executive component.
The following is a list of tests that have been associated with each
specific function and appear to be sensitive to normal and/or
pathological aging. Further details on the methodologies can be
found in the papers referenced.

Shifting

e Plus-minus task: In this task, people see three separate lists
of 30 two-digit numbers. For Listl, they add 3 to each
number; for List 2, they subtract 3 from each number; for
List 3, they alternate addition and subtraction by 3. Shift
cost is measured by the difference between time to complete
List 3 and the average time for Lists 1 and 2 (from Miyake
et al., 2000). This version of the task measures global shift
costs. It may also be important that no external cues are
provided (i.e., no + or — signs appear). Internally generated
shifts appear to be more sensitive to aging than externally
cued shifts.

o Number-letter task: In this task (Rogers and Monsell, 1995;
Miyake et al., 2000; Gamboz et al., 2009), a number-letter
pair (e.g., 8F) is presented in one of four quadrants. If the
stimulus appears in the top two quadrants, participants make
an odd/even judgment about the number; if it appears in
the bottom two quadrants, they judge whether the letter is a
consonant or vowel. In the first block of trials, stimuli are all
on the top; in the second block they are all on the bottom, and
in the third block stimuli shift in a clockwise fashion such that
half of stimuli appear on the top, and half are on the bottom
and a shift is required on half the trials. Both global and local
shift costs can be calculated.

e Global-local task: In this task, people view a figure in which the
lines of a global figure (e.g., a square) are constructed of smaller
local figures (e.g., triangles). As in the previous tasks, partici-
pants are required to shift between the global and local figures,
reporting how many lines make up the figure. Depending on
how the task is constructed, one can measure global or local
shift costs as described previously (Miyake et al., 2000).

Shifting tasks in humans may tap processes similar to those
used in delayed alternation tasks in rodents, which show age
deficits. In addition, the ability to shift attention from one per-
ceptual dimension to another perceptual dimension of the same
stimulus (i.e., an extra-dimensional shift) has been assessed with
a variety of tasks in both rodents and non-human primates (see
Bizon et al., 2012; also Table 1). In rodents, these tasks are depen-
dent upon the rodent homologue of primate DLPFC and are
analogous in design to the WCST.

Updating/resistance to proactive interference

e Letter memory/consonant updating: In this task (Morris and
Jones, 1990; Miyake et al., 2000; Vaughan and Giovanello,
2010), single letters are presented visually on a computer
screen one at a time for 2 s each, and participants are required
to repeat the last four letters out load, continually updating the
working memory set, and then recall the last four consonants at
the end of the list. List lengths vary randomly (5, 7, 9, and 11).

e Keep track task: Participants are first familiarized with category
labels and instances of six categories (see Miyake et al., 2000).
On each subsequent trial block, a subset of the category labels
is shown at the bottom of the computer screen and remains
visible throughout the trial block. Two to three instances from
each of the six categories appear one at a time on the screen
for 1500 ms, and participants monitor for the last word of
each of the target categories. Miyake et al. (2000) used 15-item
lists with 3 blocks of 4 and 5 target categories. In the modified
version used by Hull et al. (2008) with older adults, four blocks
of 10 trials were presented with only two target categories.
We recommend using 3 blocks of 2, 3 and 4 categories with
15-item lists.

e Operation span: Operation span, although more complex than
the other measures, is a classic working memory task developed
by Turner and Engle (1989) in which people are asked to verify
a solution for simple arithmetic problems [e.g., (2 X 4)—3 = 3]
and retain a following word in memory (e.g., mouse). Set size
varies from 2 to 5 problem-word pairs with three trials of each
set size. After each set of problem-word pairs is presented,
people recall the words in any order. Miyake et al. reported
that his latent updating variable predicted performance on
operation span (see also, Fisk and Sharp, 2004). Complex

Table 1 | Executive processes and associated tests for use in humans
and animal models.

Executive process Human tests Animal tests

Shifting Plus-minus Delayed alternation
Letterr-number Extra-dimensional shift
Global-local

Updating/resistance to
proactive interference

Consonant updating
Keep track
Operation span

Delayed matching to
sample
Delayed match-to-place

Inhibition of prepotent  Stroop 5-choice serial reaction
responses Simon time
Go/NoGo Stop signal
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span tasks, including operation span, are sensitive not only to
normal aging, but also in increasing fashion to mild cognitive
impairment (MCI) and AD (Gagnon and Belleville, 2011).

Updating tasks in humans, which require resistance to proac-
tive interference, appear similar to tasks described in Bizon et al.
(20125 see also Table 1) that involve delayed matching to sam-
ple. For example, using a delayed-match-to-place version of the
Morris water maze task, in which rats must learn a new platform
location each day, older rats showed poorer delayed retention
of the trial-unique stimuli, arguably because of greater interfer-
ence from previous trials. Their performance on this task was
unrelated to their performance on a spatial reference memory
task that required them to remember the same platform location
each day.

Inhibition of prepotent responses

e Stroop task (Stroop, 1935): There are several versions of the
Stroop Color-Word Task. We recommend using a version that
does not require task shifting, namely one in which the par-
ticipants are always required to name the color of the ink. The
key comparison is between the incongruent color-word and a
neutral condition, which most often involves naming the color
of asterisks or blocks of color. In some cases, a neutral word
is used as an intermediate case. Both reaction time and errors
should be recorded; the latter appear to be more sensitive to
pathological aging (Hutchison et al., 2010). The measure com-
monly reported is the difference in RT between the incongruent
and neutral conditions (Miyake et al., 2000), although a ratio
of incongruent to neutral RTs has also been recommended to
account for general slowing (e.g., Bayard et al., 2011).

e Simon task (Simon, 1990): In the Simon task, people are
instructed to press the left button when a left-pointing arrow
appears and the right button when a right-pointing arrow
appears. The critical conditions occur when a right-pointing
arrow occurs on the left of the screen or a left-pointing arrow
occurs on the right of the screen, creating a mismatch between
the location of the stimulus and the location of the response.
Evidence suggests that the stimulus/response spatial match is
the more primitive response, and has to be inhibited in order
for a directional response to be made. The dependent measure
is the RT difference between the congruent and the incongru-
ent mapping. Castel et al. (2007) have found that this task is
sensitive to normal aging and also distinguishes normal aging
from mild AD.

e Go/NoGo task: Several versions of Go/NoGo tasks have
appeared in the literature. We propose a task used by Nielson
et al. (2002), which minimizes the working memory/updating
component and emphasizes the inhibition component. The
task involves continuous presentation every 500 ms of various
letters of the alphabet with targets X and Y. Participants are
required to respond with a button press to the occurrence of
X and Y when they alternate in the serial sequence but not
when they repeat consecutively (i.e., respond to X when it fol-
lows Y but not when it follows X). The alternating rule is added
after two practice runs of “go” trials to establish the prepotent
response. Letters are presented continuously at a 500 ms rate

with a ratio of go to no go responses of between 3:1 and 6:1. The
dependent measure is the percentage of successful inhibitory
responses.

Several tasks (see Table 1) have been used in rodents to assess
the ability to inhibit prepotent responses, including the five-
choice serial reaction time task and the stop signal reaction time
task (see Robbins, 2002; Eagle et al., 2008; Bizon et al., 2012).
These tasks were developed to be analogous to tests of response
inhibition in humans, and are sensitive to both damage to pre-
frontal cortex and advanced age (Winstanley et al., 2006; Harati
etal., 2011).

Complex tasks

Even though it likely involves multiple executive processes, the
WCST remains the gold standard of executive function tests.
Although a measure of perseverative errors allows for a broad
range of scores, not all studies have found perseverative errors
to be age-sensitive. Additional measures—number of categories
achieved, total errors, number of trials needed to achieve a
category—should also be recorded and may reflect different com-
ponent processes. The WCST has most often been associated with
switching but as noted above, it may well involve other executive
function processes as well.

MEMORY

EVALUATING MEMORY IN OLDER ADULTS

Memory problems are one of the most common complaints
among older adults. An extensive literature exists demonstrat-
ing that older adults are indeed impaired relative to young adults
on some, but not all, types of memory. Most relevant to the
present discussion of aging is the distinction between semantic
and episodic memory (Tulving, 1972, 2002). There is ample evi-
dence that episodic memory (memory for specific personal events
that includes event-specific spatial and temporal context) declines
over the adult lifespan while semantic memory (our general store
of knowledge including words, concepts and facts about the world
and ourselves) remains relatively stable across the adult lifespan
(e.g., Nilsson et al., 2002). Those semantic tasks that decline are
generally ones that require the rapid retrieval of information, such
as category fluency (Nyberg et al., 2003), suggesting that older
adults have problems related to efficient retrieval, rather than a
deficit in semantic representations.

Several theoretical accounts of age-related memory changes
have been proposed. Theoretical views have emphasized age-
related declines in speed of mental processing (e.g., Park et al.,
1996; Salthouse, 1996), decreases in general resources neces-
sary for effortful processing (e.g., Craik, 1986; Craik and Rose,
2012), the inability to bind new associations among elements of
an event (e.g., Chalfonte and Johnson, 1996; Naveh-Benjamin,
2000), decreases in inhibitory processing or executive functions
(e.g., Hasher et al., 1999), limitations in working memory capac-
ity (e.g., Cowan, 2010) and sensory-perceptual inefficiency (e.g.,
Baltes and Lindenberger, 1997). These views are not mutually
exclusive, and they likely share a common outcome—inefficiency
of processing, which leads to greater resources being expended
during both encoding and retrieval, memory representations that
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are therefore less robust, and retrieval processes that are more
prone to failure (Park and Reuter-Lorenz, 2009).

Memory deficits associated with aging are thought to be medi-
ated primarily by two brain regions, medial temporal lobes and
prefrontal cortex, which play different but interactive roles in
memory, depending upon the specifics of the memory task.
Although age-associated volume changes in the medial tempo-
ral lobes have been demonstrated (Small et al., 2002; Raz et al.,
2005), aging disproportionately affects the prefrontal cortex com-
pared with other brain regions (Raz and Rodrigue, 2006). Other
age-related changes include the loss of integrity of white matter as
measured by diffusion weighted imaging in both prefrontal and
temporal regions (Ryan et al., 2011), reductions in dopamine pro-
duction and dopamine receptors that are especially prominent in
prefrontal cortex as well as medial temporal lobe regions (Giorgio
etal., 2010), and amyloid deposition (Sperling et al., 2009).

Importantly, age-related memory impairments are not ubiq-
uitous. There are considerable individual differences across older
adults, and the source of these individual differences is of consid-
erable interest to researchers. Likely they are determined by some
combination of genetics, participant characteristics (e.g., verbal
ability, education level, and domain expertise), developmental
and environmental factors, health status (e.g., physical fitness,
weight, and hypertension) and social and emotional variables
(e.g., positive emotion and interpersonal goals).

The number and types of tests that have been used to assess
memory in older adults are truly staggering, and include both tra-
ditional clinical neuropsychological tests and an extensive set of
experimental measures. Here, we describe a small subset of these
tasks that are well suited to assessing age-related memory func-
tions, with sufficient sensitivity to capture not only age-related
memory decline but individual differences in memory function
among older adults. We will focus on four memory domains
that have received considerable empirical attention: encoding and
retrieval processes, associative, source, and prospective memory.
Importantly, these processes and kinds of memory have all been
shown to be modifiable in older adults by provision of envi-
ronmental support or appropriate strategies, making them good
targets for intervention.

MEMORY DOMAINS

Encoding and retrieval

An influential view of aging and memory is the notion that
the processing resources necessary for successful learning and
remembering are available to a lesser degree in older adults com-
pared to young adults (Craik, 1986, 2002). Craik (e.g., Craik and
Byrd, 1982) originally conceptualized this impairment as a lack of
available “mental energy,” which results in a failure to carry out
self-initiated mental operations at both encoding and retrieval
leading to poor memory. Thus, tasks that inherently require more
self-initiated processing will be more likely to show age-related
memory impairment. For example, lists of unrelated words are
more difficult for some older adults to learn compared to sto-
ries or pictures. Similarly, tests with minimal retrieval cues such
as free recall are more likely to show greater age-related decline
than cued-recall and recognition (Craik and McDowd, 1987;
Nyberg et al., 2003). This difference in performance has been

attributed to older adults’ dependence on familiarity-based rather
than recollective retrieval processes (i.e., the dual-process model
of recollection). Recall tasks, which are heavily dependent upon
recollection, show greater age-related changes than familiarity-
based tasks, such as recognition (Jennings and Jacoby, 1997;
Bastin and Van der Linden, 2003), although there are considerable
individual differences. For example, Davidson and Glisky (2002)
showed that older adults with poor frontal function relied to a
greater degree on familiarity and were therefore more prone to
recognition errors.

Associative memory

One component of episodic memory decline in older adults
is the degree to which they retain the ability to bind together
the components of an episode (Mitchell et al., 2000; Naveh-
Benjamin, 2000) or to associate items with their contextual fea-
tures (Chalfonte and Johnson, 1996). Most commonly these tasks
present previously unrelated pairs of items followed by inde-
pendent tests of memory for the items and for the associations
between the items. The consistent outcome of these experiments
is a greater age deficit for associations relative to items. This
pattern has been observed with word (Castel and Craik, 2003),
word-spatial location (Mitchell et al., 2000), word-font (Naveh-
Benjamin et al., 2003), name face (Naveh-Benjamin et al., 2004;
Miller et al., 2008) and face-face pairs (Bastin and Van der Linden,
2003). Age-related impairment in paired associate learning has
been related to reductions in hippocampal activity as well as dor-
solateral prefrontal activity (Dennis and Cabeza, 2008). It appears
that some portion of the associative deficit is likely mediated by an
inability to produce appropriate strategies for learning and can be
overcome to a great degree by providing older adults with specific
strategies for remembering (Glisky et al., 2001; Naveh-Benjamin
et al., 2007).

Source memory

Source memory refers to the ability to remember the conditions
surrounding the encoding of a particular episodic memory that
may include information that specifies the source of the experi-
ence (e.g., Did you read it in the newspaper or in a magazine)
as well as various aspects of the encoding context, including per-
ceptual, spatio-temporal, affective, and other features (Johnson
et al.,, 1993; Glisky and Kong, 2008). Source memory is particu-
larly impaired in older adults relative to young adults (Chalfonte
and Johnson, 1996; Mitchell et al., 2000; Glisky et al., 2001)
and to a greater degree than item memory (Spencer and Raz,
1995). These deficits have often been associated with poor per-
formance on frontally-mediated, executive function tests (see
Figure 1; Glisky et al., 1995; Glisky and Kong, 2008) and less
commonly with medial temporal lobe dysfunction (Schwerdt
and Dopkins, 2001; Gold et al., 2006). Older adults also show
decreases in fMRI activation relative to young adults in left ven-
trolateral prefrontal regions during short term source memory
tasks, suggesting they may have specific problems comparing and
evaluating information (Mitchell et al., 2006; for discussion see
Glisky and Kong, 2008). One hypothesis is that reductions in
frontal dopaminergic pathways may reduce the brain’s ability to
modulate incoming stimuli with respect to their specific contexts
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FIGURE 1 | Source memory in older adults as a function of high and
low executive function and memory function. Adapted from Glisky et al.
(1995).

of occurrence, thereby resulting in less distinctive cortical rep-
resentations of events that are difficult to differentiate from one
another (Bickman et al., 2000; Li et al., 2001).

Prospective memory
Remembering to perform an action at some future point is a
memory skill that we use daily. In laboratory tasks of prospec-
tive memory (or “remembering to remember”), participants are
engaged in some ongoing activity and need to monitor the envi-
ronment for the presence of a cue. Upon recognizing the cue,
they must recall its associated intention without any prompting
and then interrupt their ongoing activity in order to successfully
complete the intended action. In this way, prospective memory
places a heavy burden on self-initiated processing. Two different
types of prospective memory tasks have been studied. Event-
based tasks refer to an intention that is associated with a particular
cue (e.g., when you see the bank, deposit the check). Time-based
tasks have no specific external cue, but rely instead on monitor-
ing time (e.g., in 10 min from now, turn off the stove). A growing
literature demonstrates that prospective memory is impaired in
older adults, particularly those with poor executive function as
measured by neuropsychological tests, for both event based tasks
(McDaniel et al., 1999; McFarland and Glisky, 2011) and time
based tasks (Martin et al., 2003; McFarland and Glisky, 2009).
When prospective memory fails, it can have tremendously
negative consequences for older adults, particularly for those indi-
viduals who, for example, take multiple medications daily (Park
et al., 1992; Insel et al., 2006). Prospective memory is an area
that warrants additional research not only because of its theoret-
ical implications, but because of the immediate and important
application to quality of daily life.

MEMORY MEASURES

The majority of empirical studies on age-related memory impair-
ment have utilized paradigms that are specific to a single
laboratory, and often, to a single empirical study. The lack of stan-
dardized tasks makes direct comparisons across studies difficult,
and combining data across sites impossible. The field would bene-
fit greatly from the development of standardized versions of some
of these paradigms. Some of the existing paradigms, particularly

in the visual memory domain, have excellent analogs to standard
tests utilized in animal models which are highlighted below.

Verbal encoding and retrieval

This is one area where well-developed neuropsychological mea-
sures of episodic memory are widely available. In the verbal
domain, we favor the inclusion of memory tests that include both
a list learning task and a story recall task in order to assess the
differences between verbal materials that are unrelated and ver-
bal materials that are embedded in a richly elaborated conceptual
context (i.e., a story). Together, they assess memory for unre-
lated and related materials, the influence of external cues through
comparisons of recall and recognition performance, and the dif-
ferences between immediate recall and retention of information
over a delay of 20-30 min.

e Word lists: List learning tasks involve the presentation of a
list of words over multiple learning trials. Free recall is tested
after each list presentation, and an overall learning score can
be computed. Delayed free recall of the word list is typically
obtained 20-35 min later, followed by yes—no recognition. The
two most commonly used list learning tasks are the California
Verbal Learning Test-2 (CVLT-2) and the Rey Auditory Verbal
Learning Test (RAVLT). The CVLT-2 includes 16 words that
belong to four different semantic categories, allowing mea-
sures of semantic organization during free and cued recall. The
RAVLT, a list of 15 unrelated words, may provide a purer mea-
sure of encoding ability since good performance requires the
participant to engage in elaborative and self-initiated process-
ing.

e Story memory (Wechsler, 1987, 1997): Memory for semanti-
cally meaningful verbal material is generally assessed using
short stories that are presented orally. Because of the structured
nature of stories, there is minimal demand for self-initiated
organization to link elements together. The most common clin-
ical test with extensive age-related normative data is the Logical
Memory subtest from the Wechsler Memory Scale (WMS).
Generally, two different stories are read to the participant and
an immediate free recall test is given for each. Delayed free
recall for each story takes place approximately 30 min later
followed by a multiple choice recognition test. Although the
WMS is now in its fourth version and the stories and details of
administration have changed, for studies with older adults, the
WMS-R version (Wechsler, 1987) is ideal because of the sim-
plicity of the design and administration, and norms available
for all age groups. Alternative stories that are similar in char-
acteristics and norms to the original stories are also available,
greatly enhancing the ability to engage in longitudinal memory
assessments (Schnabel, 2012).

Visual-spatial encoding and retrieval

While visual information is often tested with recognition (e.g.,
memory for faces), other visual memory tasks require drawing
designs or geometric figures from memory after a brief exposure.
The latter is somewhat problematic because it can be difficult to
separate visual memory problems from constructional difficul-
ties. Visual tasks that rely on recognition alone, some of which are
described here, are direct analogs to those used in animal studies
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and are good candidates for cross-species studies of visual mem-
ory (see Table 2). The most common of these tests, including the
delayed non-match to sample (Mishkin and Delacour, 1975) and
spontaneous object recognition (Murray and Bussey, 1999) are
reviewed in Burke et al. (2012).

e Memory for faces (WMS-III; Wechsler, 1997): A series of
target faces are shown one at a time and people are asked
to remember them. Both immediate and delayed memory
is tested by showing targets intermixed with novel faces in a
yes—no recognition task.

o Visual reproductions (WMS-III; Wechsler, 1997): Participants
are shown novel designs and are asked to draw them immedi-
ately from memory after viewing them for 10s. Delayed recall
memory is tested after a 20-30 min delay.

e Rey-Osterrieth complex figure (Meyers and Meyers, 1995): This
difficult visual spatial task requires that participants first copy a
complicated geometric line drawing, and then draw the design
from memory immediately after viewing it or after a brief 3 min
delay. A delayed recall drawing is also obtained after 20-30 min.
For the memory portions of the test, many different cognitive
abilities are required for optimal performance including visual
spatial ability, memory, attention, planning, and working
memory (Duleya et al., 1993). Participants are not told before-
hand that they will be asked to draw the figure from memory;
the immediate recall condition is therefore incidental learning.

e Doors and people: Doors and People, normed for ages 18-80
(Baddeley et al., 1994), assesses visual recall and recognition
using two types of stimuli that are difficult to encode verbally.
The doors subtest assesses visual recognition by showing the
participant a variety of different colored doors which they
must remember and later recognize from a selection of similar
doors. The shapes subtest assesses visual recall by asking the
participant to copy four different patterns and then draw them
from memory.

Table 2 | Human memory tests and promising analog tests currently
utilized in animal models of memory.

Executive Human tests Animal tests

process

Visual recognition ~ Memory for faces, doors

and people recognition

Spontaneous recognition
Delayed nonmatch-to-
sample

Morris water maze
Radial 8-arm maze

Spatial memory Field and virtual reality

spatial navigation tasks

Associative Visual paired associates,  Object-in-location
memory doors and people recognition
name-face pairs Contextual fear
conditioning
Source memory Visual task e.g., chairsin ~ Delayed

rooms nonmatch-to-position

Event-based and
time-based

Prospective
memory

Not yet developed

Although standardized tests of spatial memory and spatial nav-
igation for humans are not available, human paradigms derived
from non-human visual spatial memory methods have been
employed in the cognitive aging literature and are promising can-
didates for further cross-species research (reviewed in Foster et al.,
2012). For example, Newman and Kaszniak (2000) developed a
human analog of the Morris water maze (Morris et al., 1982)
using a tent-like enclosure and identified age differences in per-
formance of a spatial memory task. Similarly, Bohbot et al. (2002)
reported a series of real-world spatial memory tests designed to be
similar to tasks used in rats. One test was an analog of the Morris
water maze; human subjects located a sensor (hidden under car-
peting) while moving about a room. Another task resembled the
8-arm radial maze commonly used in rodent experiments (Bizon
et al., 2012). Several computerized virtual-environment versions
of the water maze have also been developed (Jacobs et al., 1997;
laria et al., 2003) that are sensitive to age-related changes in per-
formance (Moffat and Resnick, 2002; Jansen et al., 2010) and
show strong correlations between real-space and virtual space
versions of the same task (Nedelska et al., 2012).

Associative memory tasks

While associative memory tasks abound in the experimental cog-
nitive aging literature, few standardized and normed associative
memory tasks are available. The most common tasks used to
assess associative memory in animals are contextual fear con-
ditioning tasks (reviewed in Foster et al., 2012). Versions of
objects-in-location recognition tasks (Bizon et al., 2012; Burke
et al., 2012) may be most similar to human visual paired associate
tasks, and are likely candidates for developing human-animal
analogs.

e Verbal paired associates learning (WMS-III; Wechsler, 1997):
Eight pairs of unrelated words (e.g., “trunk-arrow”) are pre-
sented to participants followed by cued recall. The list is
repeated four times, with a final cued-recall test after a 30 min
delay. Yes/no recognition is also assessed after the delay period
for intact pairs interspersed with completely novel pairs. No
recombined pairs are included as recognition lures.

o Visual paired associates learning (CANTAB!): This subtest
assesses cued recall for pattern-location pairs. Boxes are dis-
played on a computer screen and are opened in a randomized
order. One or more of them will contain a pattern. The pat-
terns are then displayed in the middle of the screen, one at a
time, and the participant must touch the box where the pat-
tern was originally located. If the participant makes an error,
the locations are repeated. Difficulty increases through the test
by increasing the number of pattern-location pairs from one to
eight.

e Doors and People: The battery, described earlier, includes a
face-name paired associate learning test. This is a cued-recall

IThe Cambridge Neuropsychological Test Automated Battery (CANTAB;
Cambridge Cognition, http://www.cambridgecognition.com) was developed
to provide human versions of tests that were widely used to test animal mod-
els of memory, making them particularly well-suited to cross-species studies
of memory and aging (Robbins et al., 1994).

Frontiers in Aging Neuroscience

www.frontiersin.org

September 2012 | Volume 4 | Article 21 | 8


http://www.cambridgecognition.com
http://www.frontiersin.org/Aging_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Aging_Neuroscience/archive

Alexander et al.

Characterizing human cognitive aging

task, where participants must remember and then subsequently
recall the names of four different people, both immediately and
after a delay.

Source memory tasks

Given the wealth of experimental information in this domain,
this could be a particularly fruitful area for new standardized test
development. Source tasks could also prove useful as a bridge
between human memory and context-dependent memory stud-
ies in animals, particularly delayed nonmatch-to-position tasks
(reviewed in Burke et al., 2012).

Generally, source memory experiments utilize a one-to-many
mapping, that is, multiple words, objects, or sentences are experi-
enced in one of two different contexts. The “many” refer to the
to-be-remembered items while source refers to the association
between the item and its context. Most often, item memory and
source memory are tested with separate sets of materials, counter-
balanced for order of testing. Importantly, both item and source
are tested using a two-alternative choice recognition paradigm, in
order to keep the memory task demands as similar as possible.

e Verbal source test: Glisky et al. (1995) presented participants
with multiple sentences spoken aloud by two different read-
ers, and asked them to judge how likely they were to hear the
sentence on the radio. Source memory was tested in a two-
alternative forced choice recognition test. Each of the sentences
was spoken by both of the voices, and participants judged
which voice had spoken the sentence during the study phase.

e Visual source test: In a later study, Glisky et al. (2001) created a
visual analog to the sentence/voice source test. They presented
participants with pictures of various office chairs that were
photographed in two distinctive settings—a laboratory office
cubicle and the department lounge. The same general proce-
dure was followed. Two separate study lists were presented, one
followed by a two-alternative choice recognition test for the
chairs (distractors were novel chairs in the same setting), and
the other list followed by a recognition test for the source (the
same chair presented in both rooms).

Prospective memory tasks

As is the case with source memory, prospective memory tests
have not been standardized. Here we describe two types of tests,
both used in the laboratory setting, that could conceivably be
developed for cross-species studies with humans and animals.

e Event based prospective memory task: A typical example of an
event based task is found in McFarland and Glisky (2011).
Young and older adults engaged in a multiple choice trivia
game, presented on the computer screen, which tested their
general world knowledge. At the same time, they were given
a secondary task that required them to press a key whenever
they saw the word “state” appear on the computer screen.
Half the participants were given the typical read-only instruc-
tions (when you see the word “state,” press the key). Other
participants were given implementation intention instructions
(when I see the word “state,” I will press the key). The mea-
sures in this study were the number of times a participant

accurately pressed the key when the target word appeared on
the screen.

e Time based prospective memory task: McFarland and Glisky
(2009) used a similar multiple choice trivia game as the pri-
mary task, presented on the computer screen with touch
screen technology to record responses. For the secondary task,
a clock icon was visible in the upper right hand corner of
the screen, with two boxes just below it that were numbered
“1” and “2” Participants were instructed that every 5 min,
they were to touch the 1 and 2 boxes in alternating order.
To monitor time, they could touch the clock icon and the
time elapsed since their last button press would appear. This
study measured not only the number of prospective mem-
ory tasks completed, but also the proximity of the box presses
to the elapsed time, as well as the pattern of clock monitor-
ing. For example, one of the findings in this study was that
young adults and older adults with high executive functioning
(measured by neuropsychological tests) monitored the clock
more often in the 1 min interval prior to their next sched-
uled button press, while low executive functioning older adults
did not significantly increase their clock-monitoring in the
final minute.

PROCESSING SPEED

The measurement of processing speed during the performance
of mental tasks has been an important part of the longstanding
effort to identify the origins of the observed differences in cogni-
tive abilities over the lifespan (Deary et al., 2010). Tasks designed
to measure mental speed typically involve the assessment of an
individual’s efficiency in completing a series of test items that
require relatively low cognitive demands (e.g., perceptual match-
ing). Tests of information processing speed have been widely used
as measures sensitive to the cognitive effects of multiple neu-
rological and psychiatric disorders, such as Alzheimer’s disease,
multiple sclerosis, traumatic brain injury, and depression (e.g.,
Alexander et al., 1994; Kail, 1998; Comijs et al., 2001; Bashore
and Ridderinkhof, 2002; Denney et al., 2004). Information pro-
cessing speed has been consistently shown to be an important
correlate of age in cross-sectional studies and has also been identi-
fied as a major source of variance in the relation of other cognitive
measures with age (Salthouse, 1993, 2000; Kail and Salthouse,
1994).

There is growing interest in characterizing the neural sub-
strates of information processing speed and the neurobiological
pathways that lead to age-related cognitive slowing with emerg-
ing support for the importance of the integrity of white matter
tracts and the connectivity of regionally distributed brain net-
works (Rabbitt et al., 2007; Deary et al., 2009; Kennedy and Raz,
2009; Bartzokis et al., 2010; Penke et al., 2010; Burgmans et al.,
2011; Eckert, 2011; Takeuchi et al., 2011; Lee et al., 2012).

Research is ongoing and new measures of information pro-
cessing speed continue to emerge in the literature (e.g., Wiig
et al.,, 2007) from both clinical/neuropsychological and cogni-
tive/experimental approaches. The differences in their methods
of acquisition, levels of stimulus complexity, and assessment
of response timing suggest a potential complementary value
for including tests represented by both classes of information
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processing measurement within a comprehensive battery for cog-
nitive aging.

CLINICAL/NEUROPSYCHOLOGICAL MEASURES

The neuropsychological approach often requires decisions fol-
lowing the recognition, matching, or discrimination of percep-
tual stimuli, with accuracy providing a measure of performance
within a specified time limit. The Coding and Symbol Search
subtests of the Wechsler Adult Intelligence Scales — IV are two
common examples of this class of processing speed measures that
can be combined to form a composite score for a Processing Speed
Index (Wechsler, 2008).

Coding (a.k.a. Digit-Symbol): Participants select and draw a
visual symbol below a corresponding number derived from a
digit-symbol code key presented at the top of the page. The
score is based on the number of correct digit-symbol matches
within the time limit.

e Symbol search: Participants perform multiple trials in which
they place a line through two target symbols presented within
a series of five possible choices. If no match is found, a line is
drawn through a “No box.” The score reflects the number of
correct responses across all test trials within a specified time.
Trail making test, Part A (Trails A; Reitan, 1958): This test mea-
sures the time required to draw lines connecting a series of
numbers within circles arranged non-contiguously on a page.
Letter and pattern comparison tests (Salthouse and Meinz,
1995): These tests were developed specifically for studies of
cognitive aging. Participants are required to make same versus
different judgments on a series of letter strings or line pat-
terns that contain three to nine line segments presented on
pages with a specified time limit. The total number of correct
responses minus the number of incorrect responses during the
test time is calculated.

e Finger-tapping (Reitan and Wolfson, 1993): Participants are
required to use their index finger to repeatedly press a key
counter as quickly as they can in 10 s with their dominant
and non-dominant hands. The total number of key presses
with each hand during the time limit provides the finger tap-
ping scores. An electronic version of the finger tapping test has
been recently applied in a study of cognitive aging to provide a
measure of simple motor processing speed that has been associ-
ated with neural function and myelin integrity (Bartzokis et al.,
2010).

COGNITIVE/EXPERIMENTAL MEASURES
The cognitive or experimental approach to measuring infor-
mation processing speed has typically relied on computerized
administration of tasks that assess component processes reflecting
simple (SRT) and choice (CRT) reaction times. Although these
tasks are varied in the types of stimuli and their complexity, they
tend to present relatively simpler visual stimuli compared to the
psychometric tests and measure average or median response times
for individual task trials, rather than measures of performance
integrated over a specified test time limit.

One example of a SRT task used in studies of cognitive aging
requires subjects to press a button when a zero is presented on

a screen using a variable 1-3s inter-trial interval presented on
a stand-alone, rectangular stimulus presentation/response box
(Deary et al., 2001, 2010; Der and Deary, 2006; Penke et al., 2010).
Response times are averaged for correct responses over the 20 test
trials to obtain a measure of test performance. A corresponding
four-choice reaction time task has been used in conjunction with
this SRT task in which subjects are instructed to press one of four
keys when the numbers 1, 2, 3, or 4 appear on the screen. The
same 1-3 s variable inter-trial interval is used in this CRT task
and test performance is measured by averaging response times for
correct responses across 40 test trials. A freely available, comput-
erized version of the SRT and CRT reaction time test has been
recently developed, the Deary-Liewald reaction time task (Deary
etal., 2011), that has shown high correlations with the established
response-box SRT and CRT tasks.

Another example of an SRT test has been developed and
applied in a recent study of aging in which subjects are instructed
to touch a computer-screen, using a stylus, when they see a yellow
square appear. The single visual stimulus is repeatedly presented
using 1, 2, or 4-s inter-trial intervals in random order with 18 total
test trials. A CRT version of this SRT task simultaneously presents
subjects with two squares and requires them to touch the upper
square if the two presented squares are the same color. They are
required to touch the bottom square if the two presented squares
are a different color. The dual visual stimuli are presented using
the same 1, 2, or 4-s random inter-trial intervals with a total of
20 trials presented. Performance in both tasks is measured as the
median hit response times over test trials (Lee et al., 2012).

An alternative experimental method to test processing effi-
ciency has been proposed using a psychophysical approach
(Deary et al., 2004). In this method, measures of visual inspection
time are obtained as participants make discriminations between
two parallel lines of different lengths presented on a computer
screen by pressing one of two keys if the longer line is on the
left or right side. Importantly, in this task, the subjects respond
at their own pace with no response time recorded. The line pairs
are each shown 10 times using 15 different durations extending
from 6 to 200 ms. Since mean responses per duration length can
range from chance level performance at the shortest presentations
to nearly 100% accuracy at the longest presentations, the total
number of correct responses provides an index of visual process-
ing efficiency without measuring motor response speed (Deary
etal., 2004). In a recent comparative study of several types of pro-
cessing speed measures, the visual inspection time task was found
to be least dependent on early life measures of overall intellectual
ability, supporting its potential value as a complementary cogni-
tive marker of processing speed during aging (Deary et al., 2010).
This measure, however, may be more sensitive to administration
differences, influences of ambient lighting, and degrees of intact
or corrected peripheral visual processing.

Of the processing speed measures commonly used in human
studies, the SRT and CRT tasks lend themselves particularly
well to cross-species studies of aging and processing efficiency.
For example, animal studies have examined reaction time using
tasks analogous to SRT and CRT. Very little change in reac-
tion time is observed between young adult (4—6 months) and
aged (2 year old) rats on simple stimulus-response operant
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tasks (Menich and Baron, 1984; Burwell and Gallagher, 1993).
However, an overall slowing of reaction time latencies is observed
for animals older than 2 years. Moreover, there is considerable
individual variability suggesting differences in biological aging.

For choice reaction time, a five-choice serial reaction time
(5-CSRT) task has been employed (Harati et al., 2008). In this task
the presentation of a light in one of five response openings signals
where the animal needs to make a response (nosepoke) to receive
a food reward. In addition, the stimulus duration can be varied
(2-0.2s). The latency to make a correct response to the light stim-
ulus is a measure of decision-making speed, and latency between
a correct response and food collection is used as a measure of
motor function. An examination of age-related differences under
standard conditions (0.5 s visual stimulus duration) revealed that
decision-making speed was reduced in aged animals (25 months),
compared to young adult and middle-aged rats. Decision-making
speed continued to be reduced when a longer stimulus (2s) was
employed. Impaired processing efficiency, as measured by total
number of correct responses, was reduced in aged animals when
the stimulus was shortened (0.2 ms). The results suggest that a
decline in simple and choice reaction time does not appear until
late in life, and it is likely to be variable, depending on preceding
life history, including cognitive and sensory-motor stimulation
through environmental enrichment. For further details, see Bizon
et al. (2012).

LANGUAGE

A widely accepted dictum is that vocabulary and other language-
related skills remain relatively preserved during the course of
normal aging. In this section, components of the language sys-
tem (i.e., semantics, phonologic-orthographic) will be briefly
described along with current data suggesting that while some
aspects of language are relatively impervious to the effects of
aging, others are not. Even those language components that
remain relatively stable with age can become susceptible to other
co-occurring cognitive changes outside the language system (i.e.,
working memory). We will briefly discuss views about “core vs
peripheral” neural substrates of language, and findings over the
past decade that neural networks supporting language differ in
younger and older adults. Finally, an outline will be provided of
commonly used language measures in clinical assessments along
with a rationale for screening older adults who participate in
studies of healthy cognitive aging.

COMPONENTS OF LANGUAGE

The language system can be fractionated in multiple ways
(Coltheart, 1987; Caplan, 1993; Caramazza and Mahon, 2006)
but the fundamental components of language include a lexicon
or vocabulary (words denoting objects, actions, and their mod-
ifiers), syntax (rules specifying relationships among words) and
a phonologic-orthographic system (sounds and written symbols
that constitute the actual spoken or written word). The term
lexico-semantic typically refers to semantic meaning or knowledge
that is conveyed by words, phrases, and syntax. Naming involves
knowing what the object is (accessing semantic representation)
and then accessing its phonologic representation in order to
articulate that word. There are numerous cognitive information

models that describe this process quite elegantly, and a variety of
views on the breakdown of naming (Patterson and Shewell, 1987).
A higher level aspect of language is pragmatics, which refers to
how situational and contextual information can alter meaning of
linguistic communication (i.e., inferred intent of speaker).

Another important distinction, drawing from the aphasia lit-
erature, is comprehension versus speech production (Goodglass and
Kaplan, 1983). Speech output, or fluency, refers to ease and effort
of articulation as well as quantity of output, and is associated
with brain lesions anterior to the central sulcus (i.e., frontal) and
can often involve Broca’s area. Auditory comprehension deficits
in aphasias are typically associated with posterior perisylvian
lesions.

AGE-RELATED CONSTRAINTS ON LANGUAGE

At least three types of age-related phenomena influence language
processing (Wingfield, 1996; Wingfield and Grossman, 2006).
First, cognitive slowing results in older adults having more dif-
ficulty understanding rapidly presented speech (Wingfield et al.,
1999). Second, reduced working memory capacity constrains the
comprehension of syntactically complex sentences and results in
less frequent use of complex syntax by older adults (Caplan et al.,
2011). Kemper et al. (2001) analyzed a longitudinal corpus of
speech samples obtained from older adults and found a marked
decline in the grammatical complexity of the older adult’s speech,
which was directly related to working memory capacity. Third,
the increased incidence of age-related hearing loss (particularly
high frequency sounds) also affects comprehension of spoken lan-
guage (Morrell et al., 1996). This can cause older adults to miss
critical words during conversation, leading in some situations to
reduced comprehension.

LANGUAGE SKILLS AFFECTED BY HEALTHY COGNITIVE AGING

With aging, semantic aspects of language are generally well-
maintained including vocabulary, language comprehension, and
conversational discourse. Cross-sectional studies suggest that
vocabulary increases with age until the 60s and 70s and remains
stable thereafter (Verhaeghen, 2003; Salthouse, 2009). However, a
somewhat different pattern emerges from at least two longitudi-
nal studies that show age-related declines in vocabulary and other
verbal skills starting around age 60 and continuing to decline
more precipitously after age 74 (Berlin Aging Study, Baltes and
Lindenberger, 1997; Seattle Longitudinal Study, Schaie, 2005).
Even so, these language declines are less dramatic than those in
other cognitive domains, such as episodic memory, and do not
appear to undermine the functional adequacy of healthy older
adults.

One of the most commonly experienced language-related
problems across all ages is the inability to produce a well-known
word on demand. These word retrieval difficulties become more
frequent with age, and are evident on tasks of confrontation nam-
ing of object pictures (Kaplan et al., 1983; Burke et al., 1991; Au
et al., 1995; Ivnik et al., 1996; Welch et al., 1996; Connor et al.,
2004; Zec et al., 2005; Goral et al., 2007; Kave et al., 2010; see
Feyerisen, 1997 for a meta-analysis). Similar age-related word
retrieval problems are present on word generation tasks (verbal
fluency) where individuals are required to rapidly produce words
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beginning with a target letter or from a semantic category (Troyer
et al., 1997). One question is the extent to which these verbal flu-
ency problems represent changes to language function, executive
functions, or processing speed (McDowd et al., 2011). Another
question relates to differential role of frontal and temporal lobe
mechanisms in letter vs. category fluency tasks and how neu-
ral substrates for this distinction differ in young vs. old adults
(Meinzer et al., 2009).

One prominent interpretation of age-related word finding dif-
ficulties is a decline in efficiency of lexical access, rather than
degradation of verbal knowledge. Older adults produce more
ambiguous references, have more filled pauses (um, er, etc.), and
reformulate words more often than younger adults (Kemper et al.,
2001; Burke and Shafto, 2004). These behaviors represent tactics
for bypassing word retrieval difficulties. Access difficulties might
stem from weakening of connections between a word’s seman-
tic and phonologic representations (Burke et al., 1991). It might
also relate to age-associated changes in brain functions that affect
frontally mediated search mechanisms (Weirenga et al., 2008;
Meinzer et al., 2009), supported by functional MRI studies, diffu-
sion tensor imaging, and connectivity analyses (Obler et al., 2010;
Stamatakis et al., 2011).

CORE VS. SUPPORT LANGUAGE NETWORKS

The classic aphasia literature identifies the left perisylvian cor-
tical region as critical for language (Goodglass and Kaplan,
1983; Stemmer and Whitaker, 2008), including Wernicke’s region
within the temporal lobe, Broca’s area within the frontal lobe,
and connections between these two regions. More recent neu-
roimaging approaches have found that additional brain regions
outside the perisylvian region also become activated during lan-
guage processing—particularly anterior frontal regions as well
as the homologous right hemisphere regions. Wingfield and
Grossman (2006) draw a distinction between a core perisylvian
language network that is necessary for language tasks, and addi-
tional regions beyond the core language network that become
activated when healthy adults are engaged in language tasks. In
line with this view, neuroimaging evidence indicates that older
adults who successfully perform tasks such as naming and text
processing recruit substantially more brain regions than poor per-
formers or younger adults (Weirenga et al., 2008; Obler et al,,
2010), including right hemisphere perisylvian and midfrontal
regions, in conjunction with traditional left perisylvian regions
(Obler et al., 2010). Those who are relatively poor namers do
not recruit these support regions. This recruitment likely reflects
compensation, which has been posited to account for findings
of decreased laterality on various language-mediated cognitive
tasks (Cabeza, 2002; Reuter-Lorenz and Park, 2010). One impor-
tant implication of this line of research is that similar levels of
performance accuracy on language tasks by younger and older
adults may be mediated by different (though overlapping) neural
circuitries.

TRANSLATIONAL CHALLENGES

Although there is little disagreement that animals have unique
communication systems, considerable controversy exists regard-
ing whether propositional language is exhibited by non-human

primates or other animal species. While this controversy is
beyond the scope of the current paper, suffice to say that few
animal models of language currently exist. One line of animal
research has focused on the basic neuroanatomic substrates of
language, and whether non-human primates exhibit language-
related brain asymmetries similar to those observed in humans.
Geschwind and Levitsky (1968) were the first to document that
the planum temporale, a region well known for its role in lan-
guage comprehension, was larger in the left hemisphere than the
right in humans. This asymmetry has been systematically repli-
cated in postmortem and structural imaging studies (Steinmetz
et al., 1989; Good et al., 2001; Eckert et al., 2006). Chimpanzees
show a similar leftward asymmetry in the size of planum tempo-
rale, whereas lower monkey species (rhesus, vervet, and bonnet
macaques) do not (Lyn et al., 2011).

ASSESSMENT OF LANGUAGE IN OLDER ADULTS: RATIONALE

AND RECOMMENDATION

Relative to other cognitive domains (executive function, pro-
cessing speed, and episodic memory), language is less sensitive
to the influence of underlying age-associated neural changes
(Raz et al., 2010). Even so, commonly occurring neurodegen-
erative conditions, such as Alzheimer’s disease, typically disrupt
aspects of language, particularly word retrieval and naming.
These changes occur secondary to alteration of temporo-parietal
networks involved in semantics. In fact, impairments on rela-
tively simple tasks of confrontation naming and word generation,
especially semantic fluency, are commonly observed in individ-
uals with early Alzheimer’s disease. Subtle deficits can even be
seen in individuals with the amnestic variant of MCI, who are at
greater risk for transitioning to dementia. Thus, language screen-
ing is particularly important if one’s goal is to study memory
or executive function in healthy older adults in the absence of
co-occurring neurodegenerative disease.

Table 3 depicts an overview of commonly used measures in the
clinical assessment of language in older adults, ranging from tasks
of vocabulary knowledge, word retrieval (confrontation naming)
and verbal fluency to those examining discourse and pragmat-
ics. This table does not include batteries for assessing individuals
with acquired aphasia that is sometimes associated with focal
strokes but also observed in certain neurodegenerative conditions
(i.e., semantic dementia, progressive non-fluent aphasia). Certain
measures, particularly confrontation naming and speeded verbal
fluency tasks, can be helpful for identifying subsets of older adults
who may already be experiencing neurodegenerative changes. For
this reason, many centers and large-scale studies routinely include
a confrontation naming task, such as the Boston Naming Test
(Kaplan et al., 1983), as one of several screening tools for the pur-
pose of excluding (or including) individuals with early signs of
dementia. The Boston Naming Test is relatively brief, consisting
of 60 line drawings of items that an individual “names.” Short
forms are available (30 and 15 item versions) and can be used
rather easily for screening purposes.

VISUOSPATIAL FUNCTIONS

Visuospatial performance generally declines with age in both
humans and other species (Studzinski et al., 2006). A good
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Table 3 | Commonly used language tasks in clinical assessment of
non-aphasic older adults.

Domain Tasks Older adult norms
Semantics
Knowledge Expressive vocabulary Yes
(WAIS, WASI)
Receptive vocabulary Yes
(PPVT)

Word retrieval Visual confrontation naming ~ Heaton and MOANS
(Boston naming test)
Auditory confrontation
naming

Action naming

Letter fluency (COWA)
Category fluency (animals,
fruits-vegetables, etc.)

Fluency tasks from DKEFS

Heaton and MOANS
Heaton and MOANS

Directed fluency

Yes

Syntax MOANS

comprehension

Token test (multilingual
aphasia exam)

Discourse Oral description of complex
pictures (i.e., cookie theft
picture from BDAE, kite
picture from the WAB)
Open ended script

questions

Task Abbreviations: WAIS, Wechsler Adult Intelligence Scale;, WASI, \Wechsler
Abbreviated Scale of Intelligence; PPVT Peabody Picture Vocabulary Test;
COWA, Controlled Oral Word Association Test; DKEFS, Delis-Kaplan Executive
Function System,; BDAE, Boston Diagnostic Aphasia Exam, WAB, Western
Aphasia Battery.

Norms Abbreviation: Heaton refers to norms published in Heaton et al. (2004);
MOANS refers to Mayo Older Adult Norms (MOANS), in Ivnik et al. (1996). See
Lezak et al. (2012) for detailed description of individual test measures.

working definition of visuospatial dysfunction is attributed to
Boller et al. (1984):

“Difficulty in appreciating the position of stimulus-objects in
space, difficulty in integrating those objects into a coherent spa-
tial framework, and difficulty in performing mental operations
involving spatial concepts.”

There are many approaches intended to test human visuospa-
tial performance. Most have grown out of clinical neuropsychol-
ogy research with humans, rather than from the perspectives of
experimental approaches with either humans or in animal mod-
els (but see a discussion of recent human and animal research on
object discrimination in Burke et al., 2012). The field is further
complicated by ongoing reconsideration of the basic organiza-
tion of the neural and cognitive psychology of systems involved
in responding to visual stimuli (Kravitz et al., 2011).

A major challenge to systematic study of this construct lies in
the wide variety of cognitive functions subsumed under “visu-
ospatial function” Visuospatial tests might preferentially weight
spatial perception and localization, spatial memory, and organi-
zation of cognitive and motor responses to spatial information.
Aspects of visual perception affect performance on many visu-
ospatial tasks and vary by instrument and presentation medium.

Aspects of the testing procedures related to other cognitive
functions, rather than either visual or spatial processing losses,
are significant contributors to age-related decline in visuospatial
performance (Libon et al., 1994). For instance, when Kemps
and Newsom (2006) used the “Doors and People test” to assess
age-related changes in visual and verbal memory, they found
that working memory and executive function made the greatest
contributions to age related declines, while processing speed
and perceptual issues were lesser contributors. Many of the tests
considered to assess visuospatial abilities more closely map on
to memory processes. In general these tasks demonstrate low
reliability and limited construct validity (Moye, 1997). Even tests
that clearly map to similar visuoperceptual processes such as the
Gollin Incomplete Figures test and the Mooney test of Incomplete
Faces Perception, show important variability in test samples, such
as gender based differences in performance (Foreman, 1991).
Overall, older adults appear to be vulnerable to the effects of
reduced stimulus redundancy, decreased signal-to-noise, and
limited processing speed. Offsetting those vulnerabilities by vary-
ing the testing procedure (e.g., altering stimulus exposure time
or signal-to-noise ratio) attenuates, but does not eliminate age
differences on relatively “pure” tests of visuospatial integration
such as incomplete figure identification (Kennedy et al., 2009).
Nonetheless, age can influence performance on several of these
tests.

e The Rey-Osterreith complex figure test typically consists of three
test conditions: Copy, Immediate Recall and Delayed Recall.
Whereas the memory aspects of the test have been discussed
previously, the copy portion tests graphomotor spatial func-
tions; the subject is asked to draw a complex geometric line
drawing. Age norms have been published, based on a sample
of 211 adults ranging from 30 to 85, for the standard adminis-
tration as well as supplemental matching trials (Fastenau et al.,
1999). Matching may be more easily translated to studies of
non-human species.

e The Gollin incomplete figures test requires subjects to identify
a series of fragmented line drawings over successive stimulus
presentations that increase the “completeness” of the drawings
with age-decade cohorts (50-99, 60-69, and 70-79) showing
declining performance (Read, 1988).

e The Poppelreuter-Ghent figures assess visual perceptual func-
tions by asking subjects to identify overlapping line-drawing
images. Performance of healthy controls is influenced by age
and education, but not sex and normative values adjusted for
age and education are available (Della Sala et al., 1995).

e The Visual object and space perception battery is a proprietary
battery consisting of eight untimed tests, each designed to
assess a particular aspect of object or space perception, while
minimizing the involvement of other cognitive skills. Four
subtests measure visual object perception (Incomplete Letters,
Silhouettes, Object Decision, and Progressive Silhouettes).
The other four measure visual space perception (Dot
Counting, Position Discrimination, Number Location, and
Cube Analysis). Herrera-Guzmdn et al. (2004) reported
significant age-cohort effects in 5 of the 8 subtests in a
Spanish language sample. For the object perception tasks, age
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effects were significant for 3 of 4 subtests. For the space percep-
tion tasks, significant age effects were identified for 2 subtests.
This confirms an earlier pattern seen in an American sam-
ple (Bonello et al., 1997). However, longitudinal data among
elderly subjects has not been reported.

A major problem in aligning visuospatial assessment in
humans and non-human species is that human tests typically
require verbal output or higher-order cognitive tasks like manual
drawing, whereas non-human species respond with whole body
positions (e.g., moving to a target location) or simple manual
responses (e.g., lever press). Also, the non-human testing is heav-
ily biased toward learning and memory of visuospatial material,
rather than action based on contemporaneously available visual
information (see Burke et al., 2012).

SUMMARY

In this review, we presented a selected set of methods and
approaches that have been applied in evaluating the effects of
healthy cognitive aging on higher-order cognitive processes. We
focused on five major cognitive domains, including executive
function, memory, processing speed, language, and visuospa-
tial function, each showing support for well-established age
effects, while also presenting aspects of those domains that
can remain relatively preserved with age. Examples from cog-
nitive/experimental and clinical/neuropsychological approaches
were presented, with a consideration of the measures that have
clear linkages to tasks currently in use in animal studies of
aging, as well as those that have the potential, with further

development, to be translated for non-human animal aging
research.

Using multiple measures both within and across cognitive
domains can provide both task-specific and composite scores to
identify the characteristic profiles associated with healthy cogni-
tive aging. Such profiles may advance cross-sectional, longitudi-
nal, and intervention studies with the potential for applications
across species in the study of cognitive aging. As part of a tar-
geted, rational approach to identifying effective interventions and
prevention therapies, cognitive measures that can translate across
species offers a unique opportunity to efficiently identify the
most promising interventions for the effects of cognitive aging in
rodents or in other non-human animal models prior to initiating
much larger and more expensive human clinical trials. Further
research is needed to expand the availability of a wide variety of
complementary methodological tools to help advance cognitive
aging research. Such research efforts may lead to a greater under-
standing of the underlying neural mechanisms with the potential
for developing effective interventions and prevention therapies to
slow, delay, or diminish the effects of age-related cognitive decline.
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