
Psychonomic Bulletin & Review
1996, 3 (3), 287-299

Constraints on theories of cognitive aging

TIMOTHY A. SALTHOUSE
Georgia Institute of Techrwlogy, Atlanta, Georgia

There is currently little consensus regarding what must be explained by theories of cognitive aging.
In the present article, four empirical generalizations that seem to imply certain constraints in theo
rizing are identified. These generalizations, and their possible implications or constraints, are that
(1) age-related differences are found in a wide range of cognitive variables, implying that either a
large number of specific factors or a small number of general factors must be contributing to the age
related differences; (2) the age-related influences on different cognitive variables are not indepen
dent, and unique age-related influences appear to be few in number and small in magnitude, imply
ing that some fairly general factors need to be postulated to account for the shared age-related
influences; (3) only a small proportion of distinct age-related variance occurs late in practice and at
long presentation durations, implying that adequate explanations must include factors operating
when the individuals are just beginning to perform the task and when the stimuli can first be regis
tered; and (4) measures of how quickly very simple cognitive tasks can be performed share consid
erable age-related variance with many cognitive variables, implying that factors related to simple
processing efficiency need to be incorporated into the explanations.

Research concerned with the relations between adult
age and cognitive performance has been increasing dra
matically over the last several decades. Despite the rapid
expansion of research, however, there is still little con
sensus regarding the reasons for the negative relations
that are typically reported between chronological age and
the measures of memory, reasoning, and spatial ability
sometimes referred to as comprising Type A (Hebb, 1942)
or fluid (Horn & Cattell, 1963) cognition. The primary
purpose of this article is to describe several sets ofempir
ical results that appear to place important constraints on
theoretical explanations of age-related cognitive decline
phenomena.

It is helpful to begin by describing the broad phenom
enon in need ofexplanation by theories ofcognitive aging.
Consider the distribution of scores on a cognitive test,
such as immediate free recall of a list of unrelated words.
In a recent experiment (Salthouse, 1993b), a total of305
adults between 19 and 84 years of age attempted to re
member two 12-word lists (presented auditorily at a rate
of 1 word every 2 sec), and their average scores across
the two lists ranged from near zero to perfect (top panel
of Figure I). Because the sample included people of dif
ferent ages, the distribution can be disaggregated by age.
That is, the individuals can be ordered by their ages, and
then the scores plotted by age (as in the bottom panel of
Figure 1). This type ofdisaggregation typically results in
considerable variability at each age, but with an average
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trend that is clearly negative, indicating that increased
age is associated with lower performance. For example,
in this particular data set, the R2 value for age in a re
gression equation was .162, and thus a moderate propor
tion of the total variance in the free-recall measure was
associated with chronological age.

Similar patterns of shared variance with age have been
found for many cognitive variables. To illustrate, prob
lems in the Raven's Advanced Progressive Matrices Test
consist of a 3 X 3 matrix of symbols or geometric ele
ments in all but one of the cells of a matrix. The task for
the examinee is to use abstract reasoning to identify the
pattern that provides the best completion of the missing
cell. A recent study involving 221 adults between 20 and
80 years of age (Salthouse, 1993a) found that 32.2% of
the variance in the Raven's score was associated with
chronological age, and in a similar study (Babcock, 1994)
21.2% of the variance in the Raven's score was found to
be related to age.

There is clearly substantial scatter in the data of Fig
ure 1, and the proportions of variance associated with
age are always substantially less than 1.0. Because many
researchers may not be comfortable thinking in terms of
proportions of variance, it is reasonable to question the
magnitude of the age-related effects in Type A or fluid
measures ofcognitive functioning. Fortunately, these val
ues can be placed in context by reference to Cohen (1988),
who, in his influential book on power analysis, has sug
gested that in the behavioral sciences proportions ofvari
ance of.O 1 are small, those of .09 are medium, and those
of .25 are large. The effects just described are therefore
in the medium-to-Iarge range with respect to behavioral
science research.

The phenomenon of age-related cognitive decline in
Type A or fluid aspects of cognition is not only moder-
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Although many researchers, and especially those
trained in experimental rather than multivariate traditions,
tend to focus on single dependent variables, the age
related cognitive decline phenomenon is actually quite
broad, because a great many cognitive variables have been
found to exhibit age-related differences. The breadth of
the phenomenon can be assessed by inspecting the con
tents ofmajor journals in the field (e.g., Psychology and
Aging and Journal of Gerontology: Psychological Sci
ences) and noting the range of variables in which signif
icant age differences have been reported. To illustrate, in
the last 5 years young adults have been reported, in these
journals, to perform significantly better than older adults
in the following cognitive tasks: memory for words, prose,
paired associates, pictures, faces, source, activities, loca
tions, phone numbers, routes, grocery lists, and golf shot
information; reasoning with series completion, matrix,
analogy, letter sets, and categorization problems; block
design, paper folding, object assembly, rotation, and inte
gration spatial tasks; divided, selective, and.focused at
tention; and miscellaneous tasks assessing comprehen
sion, following instructions, and serial learning.

measures, procedures, and samples of participants. The
emphasis will therefore be on patterns ofresults obtained
from several independent studies and different method
ological procedures rather than on results from a single
study or analytical method.

EMPIRICALLY BASED CONSTRAINTS
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Figure 1. Distribution of scores in a 12-word free-recall task in
a sample of305 adults. Data from Salthouse (1993b).

ately large but also robust, because it has been docu
mented since at least 1920 and has been replicated with
many different types of tests, with both cross-sectional
and longitudinal data-collection procedures, in several
different cultures, and in a variety of species (e.g., for re
views, see Birren & Schaie, 1996, Craik & Salthouse,
1992, and Salthouse, 1991). One of the major questions
in the field at the current time is: how can these negative
age relations be explained? That is, what is responsible
for the lower levels of cognitive performance often as
sociated with increased age?

The goal in this article is not to describe a specific the
ory or explanation, but instead to identify several broad
constraints that presumably must be satisfied by any
plausible theory ofthe age-related cognitive decline phe
nomenon. The rationale for this approach is the assump
tion that it may be easier to reach a consensus on theo
retical explanations if, first, there is agreement on the
broad constraints that plausible theories must satisfy.

Toqualify as true constraints, the relevant results should
be robust, with numerous replications across different
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Figure 2. Mean standard scores by age decade for six cognitive
measures. Data for the free-recall and paired associates tasks are
from Salthouse (1993b), data for the Wisconsin Card Sorting and
Shipley Abstraction tasks are from Salthouse, Fristoe, and Rhee
(in press), and data for the Surface Development and Paper Fold
ing tasks are from Salthouse and Mitchell (1990).
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The scope of the phenomenon can also be appreciated
by examining the age trends for different variables in
moderately large samples ofadults from a wide range of
ages. For example, Figure 2 illustrates the age relations for
six different variables (i.e., number correct in free recall
of two lists of 12 words each, number correct in paired
associates memory of 6 word pairs, percent persevera
tive errors in the Wisconsin Card Sorting Test, and num
ber ofcorrect responses in the Shipley Abstraction Test,
in the Surface Development Test, and in the Paper Fold
ing Test) from three separate studies. The original scores
on each ofthe various tests were first converted to z scores
to produce units on a comparable scale, and then the
means were plotted by decade. Note that the age trends
are very similar for measures of memory ability (paired
associate and free recall), reasoning ability (Shipley Ab
straction and Wisconsin Card Sorting), and spatial abil
ity (paper folding and surface development). For each of
these abilities there is a difference ofapproximately 1 SD
between people in their 20s and people in their 70s. Sim
ilar age trends in an age-heterogeneous sample of 1,628
adults across 17 different cognitive measures have also
recently been reported by Schaie and Willis (1993).

The existence of statistically significant, and often
roughly comparable, age-related differences across such
a wide variety ofcognitive measures leads to the first con
straint on theorizing about cognitive aging phenomena.

Constraint 1

Either a small number offairly broad and general
mechanisms or a large number ofspecific mechanisms
are needed to account for the age-related differences
found across a wide range ofcognitive variables-

that is, because the phenomenon ofage-related cognitive
decline encompasses such a large number of cognitive
variables, explanations of the phenomenon must either
incorporate a large number offactors with highly specific
effects or a relatively small number offactors with broad
reaching consequences. Theories postulating deficits in
a few processes specific to a limited number ofcognitive
tasks will therefore not suffice to provide a complete ac
count of the age-related cognitive decline phenomenon.

In light of the wide range of variables exhibiting sig
nificant age relations, and of the apparent similarity of
the age patterns across different variables in moderately
large samples, the question arises as to the extent to which
age-related effects on different variables are indepen
dent. The issue of independence is also relevant to the
number ofdistinct mechanisms necessary to account for
cognitive aging phenomena, because many separate
mechanisms would presumably be needed if most of the
age-related effects were found to be independent. Incon
trast, a common or general age-related factor would prob
ably be implicated iflarge proportions of the age-related
effects were found to be shared.

In the past there has been a tendency among many
cognitive researchers to assume that all age-related ef
fects were attributable to specific deficits, with these

deficits possibly even localizable in discrete processing
stages or components. Because the focus was often on
single dependent variables, such as an index of perfor
mance on a particular type of memory task, the issue of
shared age-related influences was never seriously evalu
ated since there was no means of separating common (or
shared) and specific (or unique) age-related effects.
Broader interpretations have sometimes been consid
ered, but they were often dismissed because of results
(e.g., the existence of age X condition interactions) in
terpreted as suggesting that a general factor was not suf
ficient to account for all of the observed effects. For a
variety ofreasons (e.g., failure to consider the role ofdif
ferential reliability offactors with a multiplicative influ
ence, of processes that might vary in their reliance on a
general factor, and ofthe possibility that both general and
specific influences might operate simultaneously), these
analyses may not have been optimal (Salthouse, 1991,
pp. 291-300; Salthouse & Coon, 1994). In any case,
however, it seems more productive to evaluate the relative
contribution of different types of influences rather than
to attempt to distinguish between extreme all-or-none in
terpretations (such as only specific or only general).

Contemporary research concerned with aging and
cognition can be characterized as consisting of a surplus
of sensitivity evidence but a shortage of specificity evi
dence. Claims of sensitivity are based on evidence that
the variable or theoretical process is significantly related
to age. As noted above, there are many reports of signif
icant age relations across a wide range of cognitive vari
ables, and thus age sensitivity has been convincingly
demonstrated for many variables. The term specificity in
this context can be used to refer to evidence that the age
related influences on one variable are distinct from, and
independent of, the age-related influences on other vari
ables. Because of the dominance of research based on
small-sample, extreme-group designs focusing on a sin
gle dependent variable, very little research relevant to
the issue of specificity is currently available in the field
of cognitive aging. This is unfortunate because convinc
ing evidence of specificity is needed before interpreta
tions based on separate and distinct age-related influences
can be considered plausible. That is, if a large proportion
of the age-related effects on different cognitive variables
is found to be shared, or in common, then attempts to
identify mechanisms specific to one of the variables may
merely be describing symptoms of a much broader phe
nomenon. Moreover, even ifonly some ofthe age-related
influences are shared, the magnitude of the unique age
related effects that remain to be explained by task
specific mechanisms will depend on how much of the
total effects are attributable to more general factors.

Independence is often assessed with correlational pro
cedures, because the square of the correlation indicates
the proportion of variance in two variables that is shared.
However, because the current interest is in shared age
related influences, the relevant variance is not the total
amount of variance; instead, it corresponds only to the
amount of age-related variance that is shared. For exam-
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Proportion of Shared Age-Related Variance

Figure 3. Distribution of proportions of shared age-related
variance from 120 pairs of variables in Salthouse, Fristoe, and
Rhee's (in press) study.

the unique age-related variance, from the total age-related
variance of .199 to yield a value of .137. In this particu
lar case, then, 68.8% (i.e., .137/.199) of the age-related
variance in the abstraction measure can be inferred to
have been shared with the age-related variance in the
paired associate memory measure. Because the amount
ofage-related variance is not necessarily identical for the
two variables, the estimates ofunique and shared propor
tions need not be equivalent. In fact, the percentage of
age-related variance for the paired associates memory
measure estimated to have been shared with that in the
abstraction measure was 58.9% (i.e., .142/.241).

A recent article by Salthouse (1994b) reported results
of analyses similar to these, conducted on 855 pairs of
variables obtained from 13 separate studies. The variables
were derived from a wide variety of tasks, ranging from
reaction time to number of items correct on the Raven's
Progressive Matrices Test, and ranging from accuracy in
paired associates memory tasks to accuracy in paper
folding spatial tasks. The mean of these 855 values was
.500 (median of .520), indicating that an average of
about 50% of the age-related variance in many cognitive
variables is shared, or in common. Because an average of
only 19% of the total variance for these same variables
was shared, it can be concluded that the simple correla
tion between two variables is not sufficient to determine
the extent to which those variables share age-related
variance.

The frequency distribution for the proportions of
shared variance among 16 variables (120 pairs) in the
Salthouse, Fristoe, and Rhee (in press) study is portrayed
in Figure 3. Notice that the pattern was nearly identical
to that found in the Salthouse (1994b) analyses in that an
average of over 50% of the age-related variance in pairs
of variables was shared. The similarity in outcomes is
particularly noteworthy because the variables in the Salt
house, Fristoe, and Rhee (in press) study were derived
from neuropsychological tests often postulated to be sen
sitive to functioning in different regions of the brain. For
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pie, ifthe proportion ofage-related variance is .162, then
the question of interest in the present context is how
much of this variance is shared with other variables. The
relevant proportions of variance can be estimated with
correlation/regression procedures because prediction of
the criterion variable when age is the only predictor vari
able in the regression equation indicates the total age
related variance, and the increment in variance associ
ated with age after partialling out the effects of another
control variable indicates the unique age-related vari
ance. Subtraction of the unique age-related variance
from the total age-related variance and division by the
total age-related variance therefore yields the proportion
of age-related variance in the criterion variable that is
shared, or in common, with the other variable. (See Salt
house, 1992, 1994b, in press-a, for further discussion of
these procedures.)

If only a small proportion of the age-related variance
in a given variable is shared with another variable, then
most of the age-related influences on that variable can
be inferred to be independent, distinct, and potentially
specific. However, if the ratio of shared (or common)
age-related variance to total age-related variance is high,
then one can infer that most of the age-related effects on
the two variables are shared.

To ensure maximum generalizability, it is important
to examine these proportions across many combinations
of variables. Among the criteria desirable in data sets to
be used for this purpose are: (I) multiple variables should
be available from the same individuals or else no inde
pendence analyses are possible; (2) the variables should
have at least moderate reliability to ensure that there is
sufficient systematic variance to be shared with other
variables; (3) the sample should have a wide age range,
and preferably consist of a continuous distribution of
ages, to ensure accurate assessments of the age-related
influences; and (4) the samples should be large enough
to ensure reasonably precise estimates of the relevant
proportions ofvariance. Several studies from my labora
tory have the requisite characteristics, and thus data from
those studies can be examined to estimate proportions of
age-related variance shared across different cognitive
variables.

It is useful to illustrate these procedures with an ex
ample of the relevant computations. In a recent study
(Salthouse, Fristoe, & Rhee, in press), 259 adults be
tween 18 and 94 years of age performed tasks of induc
tive reasoning (i.e., Shipley Abstraction) and verbal mem
ory (i.e., paired associates) that are usually assumed to
represent distinct cognitive abilities. An initial regres
sion analysis on the abstraction measure revealed that the
R2 associated with age was .199, indicating that 19.9%
ofthe variance in this measure was related to age. A hier
archical regression equation in which the paired asso
ciates memory measure was controlled before the effects
of age on the abstraction measure were examined re
vealed that the increment in R2 associated with age was
.062. An estimate of the shared age-related variance can
be derived by subtraction of this value, which represents
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example, the Wisconsin Card Sorting Test and the FAS
fluency test have been hypothesized to be sensitive to
frontal lobe damage, visual-spatial tests such as the
WAIS-R Block Design and Object Assembly tests have
been hypothesized to be sensitive to right parietal lobe
damage, and damage to the medial temporal lobe has been
postulated to affect performance on verbal learning and
memory tests such as paired associates and free recall.

The results just described indicate that the age-related
effects on what appear to be quite different variables are
not independent. That is, an average of approximately
halfofthe age-related influences on a given cognitive van
able appear to be shared with other cognitive variables,
even when those variables have little or no resemblance
to one another and when they are usually interpreted as
representing distinct cognitive abilities or reflecting func
tioning in different brain regions.

Another analytical procedure that can be used to gen
erate estimates ofcommon and unique age-related influ
ences is one proposed by Kliegl and Mayr (1992) based
on a structural equation model with a single common
factor. Within this model, both general (i.e., mediated
through the common factor) and specific (i.e., unmedi
ated, or direct) age-related effects are postulated to exist.
Furthermore, the relative contributions of each type of
influence can be estimated from standardized path coef
ficients derived from the structural model. That is,
within this framework, the general influence is estimated
by the product of the path coefficients between age and
the common factor and between the common factor and
the individual variable, and the estimate of the specific
influence corresponds to the coefficient between age and
the individual variable.

Because the common factor in this type of model is
defined by the variables with significant loadings, it can
be interpreted as representing what all of the variables
have in common. The interesting question in the present
context concerns the magnitude of the relations between
age and the individual variables after the relation be
tween age and an estimate ofwhat all ofthe variables have
in common has been taken into consideration. Ifthose dis
tinct age relations are large relative to the total age-related
effects on the variable, then substantial unique or specific
age-related influences can be inferred to exist. However,
if the distinct (or direct) relation between age and the
variable is very small, then there would be little evidence
for specific age-related influences above and beyond the
age-related influences shared among all of the variables.

A variety of structural equation modeling procedures
(e.g., EQS, LISREL) can be used to derive the estimates
for the relevant path coefficients. Because the prerequi
sites for these types ofanalyses are similar to those men
tioned earlier (i.e., moderately large samples from a wide
age range with several variables available from each par
ticipant), the procedures will again be illustrated with data
from my laboratory. (But see Lindenberger & Baltes,
1994, and Lindenberger, Mayr, & Kliegl, 1993, for par
ticularly elegant examples of this type of analysis.) Re-

suits from four independent data sets are illustrated in
Figures 4 and 5. Figure 4A contains data from Salthouse
(1993a), with measures of perceptual speed, working
memory, and inductive reasoning from 221 adults be
tween 20 and 80 years of age. The second data set, por
trayed in Figure 4B, consists of measures of perceptual
speed and three sets of verbal and spatial memory mea
sures from 173 adults between 18 and 88 years of age
(Salthouse, 1995a). The data set represented in Figure 5A
consists ofmeasures from neuropsychological tests from
a sample of 259 adults between 18 and 94 years of age
(Salthouse, Fristoe, & Rhee, in press). Finally, the data set
in Figure 5B consists of measures of concept identifica
tion, associative learning, working memory, perceptual
comparison speed, and visual acuity from 197 adults be
tween 18 and 92 years ofage (Salthouse, Hancock, Meinz,
& Hambrick, in press).

The models summarized in Figures 4 and 5 were all
generated in the same manner. First the data from the
study were converted into a covariance matrix, and then
a single common factor model was specified with rela
tions from age to the common factor. Relations between
variables sharing similar methods were next examined
and included in the model ifthe coefficients differed from
zero by more than 2 standard errors. Successive models
were then examined in which direct relations were speci
fied between age and each individual variable, and rela
tions with coefficients differing from zero by more than
2 standard errors were retained in the model. The final
models, represented in Figures 4 and 5, therefore portray
all of the significant relations between age and the ob
served variables. Because there was little attempt to rep
resent possible relations among subsets of the variables,
the models can be considered relatively crude summaries
ofthe structure ofthe data. I However, the important issue
from the current perspective concerns the relative mag
nitudes of the mediated, or common, and the direct, or
specific, age-related influences. Notice that a similar pat
tern is apparent in each data set in that there is a large
common or general influence on all variables, along with
small specific age-related influences on a few ofthe vari
ables.i These results suggest that there are relatively few
unique relations between age and the individual variables
beyond those shared among all variables.

The two analytical methods described above are both
quite recent, and consequently their potential limitations
have not yet been fully explored. Furthermore, because
relatively few studies have been conducted with the req
uisite data, the results illustrated were all derived from a
single investigator's laboratory. Despite these qualifica
tions, the outcomes of both types of analyses are quite
consistent in suggesting that the age-related influences
on many different cognitive variables are not independent.
That is, the moderate-to-large proportions of shared age
related variance and the small-to-nonexistent direct re
lations between age and individual cognitive variables
after taking into account the relation of age to a single
common factor both suggest that the age-related effects
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.21

Figure 4. Single common factor structural models for data (A) from Salthouse (1993b) and
(B) from Salthouse (1995a). Variables in Panel A are: DigSym = WAIS-R Digit Symbol Sub
stitution score; LetCom = Letter Comparison; PatCom = Pattern Comparison; Shipley =
Shipley Abstraction Score; Raven =Raven's Progressive Matrices score; CSpan =computa
tion span working memory score; and LSpan = listening span working memory score. Vari
ables in Panel Bare: PatCom =Pattern Comparison; LetCom =Letter Comparison; KT-V =
keeping track of verbal information; KT-S =keeping track ofspatial information; EM-V =
element memory for verbal information; EM-S = element memory for spatial information;
MM-V = matrix memory for verbal information; and MM-S = matrix memory for spatial in
formation.

on different cognitive variables are not independent of
one another.' These results lead to the second important
constraint on theories of cognitive aging.

Constraint 2

Some fairly general or broad mechanisms are appar
ently needed to account for the lack ofindependence in
the age-related influences on cognitive variables-

in other words, because a large proportion ofthe age
related effects on different cognitive variables appears to
be shared, theories based exclusively on specific mecha
nisms will not be sufficient to account for cognitive aging
phenomena. Although some specific age-related mecha
nisms appear to exist, they must be supplemented by
broader or more general mechanisms in order to account
for the commonality apparent in the age-related effects
on different cognitive variables.
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Figure 5. Single common factor structural models for data (A) from Salthouse, Fristoe, and
.Rhee (in press) and (B) from Salthouse, Hancock, et aI. (in press). Variables in Panel A are:
DigSym = WAIS-R Digit Symbol Substitution score; LetCom = Letter Comparison; Pat
Com = Pattern Comparison; PAl = Trial I in Paired Associates Memory; PA2 = Trial 2 in
Paired Associates Memory; RVLT2 = Trial 2 in the Rey Auditory Verbal Learning Test;
RVLT6 = Trial 6 in the Rey Auditory Verbal Learning Test; WCSTPE = percent persevera
tive errors in the Wisconsin Card Sorting Test; WCSTCL = percent conceptual level responses
in the Wisconsin Card Sorting Test; ObjAssm = WAIS-R Object Assembly score; BlkDes =
WAIS-R Block Design score; F60 = number of words beginning with F produced in 60 sec; and
S60 = number of words beginning with S produced in 60 sec. Variables in Panel Bare:
WCST-NC = number of category responses in the Wisconsin Card Sorting Test; AssocPC =
percentage correct in associative learning; NB2 = percentage correct in reporting items two
back in a sequence; NBI = percentage correct in reporting items one-back in a sequence;
WM-N = numeric (computation span) working memory score; WM-V = verbal (reading
span) working memory score; DSRT = digit symbol reaction time; DDRT = digit digit reac
tion time; PatCom = pattern comparison; LetCom = letter comparison; Vision-R = visual
acuity in the right eye; and Vision-L =visual acuity in the left eye.

An obvious next question, in light of the evidence sug
gesting that a common or general age-related factor ex
ists, concerns the nature of that factor. One approach to
investigating the nature of the general factor involves ex-

amining where, in an ordered sequence, independent
age-related effects occur (Salthouse, in press-b). The
issue of primary interest in these sequential analyses is
how much of the age-related variance in later variables
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in the sequence is shared with, and presumably mediated
through, age-related effects on variables earlier in the se
quence. Consider the possible interpretations if the se
quence of variables corresponds to successive levels of
practice on the task, or to progressively longer stimulus
durations. If only a small proportion of the age-related
variance in variables late in practice, or in variables cor
responding to long stimulus presentation durations, is
shared with variables early in practice or with variables
corresponding to short stimulus presentation durations,
then one could infer that distinct age-related influences
emerge as a function of increased practice or longer pre
sentation durations. For example, some types of higher
order processing or strategies might develop with prac
tice on the task, or may be effective only after the presen
tation duration of the stimuli exceeds a minimum value.
However, if a substantial proportion of the age-related
variance in later variables in an ordered sequence is shared
with variables earlier in the sequence, then one could
infer that the factors responsible for many of the age
related effects are present very early in practice and as
soon as the relevant stimuli can be registered.

Perhaps the simplest method ofdetermining the amount
of independent age-related variance on a particular vari
able in a sequence is to use hierarchical regression pro
cedures in which the variance in the prior variable in the
sequence is controlled before the amount of age-related
variance in the target variable is assessed. The residual
age-related variance in this situation indicates the age
related influence that is independent ofthe prior variable
in the sequence, and it can be expressed as a proportion
by dividing the independent age-related variance by the
total age-related variance for that variable.

Analyses ofthis type require access to the raw data, or
at least to a complete correlation matrix, from studies in
which either amount of practice or the time of stimulus
presentation have been manipulated in samples ofadults
of different ages. Results from several such studies, in
cluding those by Charness and Campbell (1988), Cooper
(1994), and Rogers, Fisk, and Hertzog (1994), were re
cently described by Salthouse (in press-b). Figures 6 and
7 illustrate these and related results in the form ofthe per
centage (i.e., the proportion computed as described above
multiplied by 100) of the age-related variance for each
variable in the sequence that was independent ofthe age
related variance in the previous variable in the sequence.

The data in the upper left panel of Figure 6 represent
performance in fairly complex multiple-task (i.e., syn
thetic work) or mental squaring studies across successive
25-min (synthetic work) or 38-trial (mental squaring)
sessions. The upper right panel contains data from visual
and memory search reaction time tasks collapsed across
sets of 240 or 600 trials. Data in the bottom two panels
of Figure 6 correspond to single trials in free recall, maze
learning, or associative learning tasks. Although the re
sults based on single trials are clearly much noisier than
those in which each data point is based on a greater num
ber of observations, a similar pattern of greatly reduced

unique age-related variance across successive points in
practice is evident in every panel. It can therefore be con
cluded that most of the independent age-related influ
ences in several different types ofcognitive tasks are ap
parent in the earliest phases of task performance.

Results from studies manipulating the amount oftime
relevant stimuli in the task were presented are illustrated
in Figure 7. Each point in these figures reflects the aver
age level of performance across a moderate number of
trials at a given stimulus duration in studies in which
stimulus duration varied as a within-subjects manipula
tion. Despite the variation in tasks and stimuli, a clear
pattern ofmost of the unique age-related variance occur
ring at the shortest presentation durations is apparent in
each function.

The results summarized in the last two figures indi
cate that very little distinct age-related effects appear to
occur on measures ofperformance representing later ses
sions ofpractice or longer stimulus durations. This leads
to the third constraint for theories of cognitive aging.

Constraint 3

Factors operating while stimuli are initially being reg
istered, or in the early sessions ofpractice on the task,
need to be postulated to account for much of the age
related effects in at least several cognitive tasks-

that is, because a very large proportion of the age-related
influences late in practice and with long stimulus presen
tation durations are apparently mediated through influ
ences operating early in practice and with short presenta
tion durations, plausible theories ofcognitive aging need
to incorporate mechanisms with early and rapid influences.

An alternative approach to investigating the nature of
the hypothesized common factor consists of examining
the extent to which the age-related variance in the cog
nitive variables ofinterest is reduced after controlling for
the variance in variables that might be postulated to func
tion as mediators of the age-cognition relations. Selec
tion of potential mediators could be justified on theoret
ical grounds, or could be based on empirical criteria such
as the variables that either appear to be the simplest or
have the highest loadings on the common factor. Hierar
chical regression analyses can next be conducted in which
the variance in the presumably fundamental measure is
controlled before the relation ofage to the other measures
is examined. The plausibility of a variable's acting as a
mediator of the relations ofage to other variables can be
inferred to increase in proportion to the degree to which
the age-related variance in the criterion variable is reduced
after the variance in the potential mediating variable is
controlled.

A relatively large number of recent studies have re
ported results of statistical control analyses when mea
sures ofworking memory or processing speed have served
as the controlled variables. Because tasks designed to as
sess processing speed can be argued to be simpler than
those assessing working memory, and because results of
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studies summarized in Salthouse (in press-b) and from Salthouse, Hambrick, Lukas, and Dell (in press).

statistical control analyses indicate that there is greater
reduction of the age-related variance in measures of
working memory after control ofmeasures of speed than
vice versa (e.g., Salthouse, in press-a), the following dis
cussion will focus on research in which measures postu
lated to reflect processing speed served as the controlled
variable.'

A wide variety of speed variables have been used in
these types of analyses, ranging from measures of sim
ple reaction time to measures ofdecision time in moder
ately complex cognitive tasks (e.g., Bieman-Copland &
Charness, 1994; Bors & Forrin, 1995; Bryan & Luszcz,
in press; Graf & Uttl, 1995; Hartley, 1986, 1993; Hert
zog, 1989; Hultsch, Hertzog, & Dixon, 1990; Hultsch,
Hertzog, Small, McDonald-Miszczak, & Dixon, 1992;
Kwong-See & Ryan, 1995; Lindenberger et aI., 1993;

Nettelbeck & Rabbitt, 1992; Schaie, 1989, 1990). Al
though nearly all of the relevant studies have reported at
least moderate attenuation of the age-related variance in
the criterion cognitive variable after control of the speed
measure, the degree of attenuation appears to be great
est with speed measures from tasks with elementary cog
nitive requirements (Salthouse, 1993b, 1994c). This could
be because tasks such as simple reaction time, marking
lines, or copying digits tend to emphasize peripheral sen
sory and motor factors, and performance in complex tasks
may be heavily influenced by amount of relevant knowl
edge and various higher order cognitive abilities. In con
trast, tasks involving simple search, comparison, and sub
stitution operations clearly have a cognitive component,
but are likely to be only minimally influenced by quan
tity ofknowledge or level ofspatial, reasoning, or memory
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abilities. In the psychometric abilities literature, these tasks
are considered to assess perceptual speed (included are
such tests as Finding As, Identical Pictures, Number Com
parison, Visual Matching, and various substitution tests).

Two tasks that have been used in many recent studies
to assess perceptual speed involve the presentation of
pairs of letters or line patterns with the research partici
pant instructed to classify them as same or different as
rapidly as possible. Because the measures ofperformance
on these tasks typically have moderate to high correla
tions with one another (e.g., in the range of.70), a more
reliable composite speed index can be formed by aver
aging the z scores from the two tasks.

Results from several studies in which the age-related
variance in different cognitive measures has been com
pared before and after control of the composite letter
comparison/pattern comparison speed index are reported
in Table I ofSalthouse (1993b) and in Table 5 ofSalthouse
(in press-a). The analyses in the Salthouse (l993b) arti
cle indicated that almost 80% ofthe age-related variance
in various measures ofreasoning and spatial abilities was
eliminated after control ofmeasures ofperceptual speed.
Similar reductions ofthe age-related differences in mea
sures of memory performance were reported by Salt
house (in press-a). To illustrate, the percentage reduc
tion in age-related variance ranged from 87 to 96 for
measures of free recall, from 58 to 84 for measures ofas
sociative learning, from 83 to 100 for measures of asso-

ciative memory, and from 78 to 97 for measures ofwork
ing memory. This speed-attenuation phenomenon is also
evident with criterion variables often considered to re
flect higher order cognitive functioning. For example, the
age-related variance in performance on the Raven's Pro
gressive Matrices Test was reduced by 82.0% after con
trol of the letter comparison/pattern comparison speed
index in a study by Salthouse (1993b) and by 60.8% in a
study by Babcock (1994). The reduction in the age-related
variance in the number ofcategories measure in the Wis
consin Card Sorting Test after control of this same speed
index was 75.4% in a study involving 259 adults, reported
by Salthouse, Fristoe, and Rhee (in press), and 85.5% in
a study involving 197 adults, reported by Salthouse, Han
cock, et al. (in press). Finally, the age-related variance in
the WAIS-R Block Design and Object Assembly Tests
was reduced by 86.3% and 87.6%, respectively, after con
trol of the letter comparison/pattern comparison speed
index in the Salthouse, Fristoe, and Rhee (in press) study.

The results summarized above indicate that there is
considerable overlap of the age-related influences on
very simple speeded tasks and on complex cognitive
tasks, even when the latter are administered under self
paced conditions (e.g., Salthouse, 1993a, 1994c; Salt
house, Fristoe, & Rhee, in press). There are at least two
possible interpretations of these well-documented rela
tions. One is that measures of performance in simple
tasks primarily reflect how quickly basic operations can
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be executed, and that processing speed is a critical me
diating factor contributing to the age differences in many
different cognitive variables (e.g., Salthouse, in press-a).

An alternative interpretation is that speed is not nec
essarily the critical causal factor responsible for the age
cognition relations, but rather that there are one or more
other factors that influence basic processing efficiency,
and that the only way effects on processing efficiency
can be manifested in these types ofvery elementary tasks
is in terms of a reduction in the speed of performance of
the operations. That is, most of the tasks used to assess
perceptual speed are so simple that errors are relatively
infrequent, and nearly everyone would perform without
mistakes if there was no time pressure. As a conse
quence, virtually all of the individual differences in these
tasks are evident in the speed with which the requisite
operations can be completed rather than in the quality or
accuracy of performance, but this does not necessarily
mean that the primary cause ofthese differences is an al
teration in one or more processing-speed factors.

Both interpretations agree that simple processing effi
ciency is compromised with increased age, but they dif
fer in that in the first interpretation a slower processing
speed is postulated to be the critical mediating factor,
whereas in the latter interpretation speed ofperformance
is viewed merely as the manner in which differences in
processing efficiency are exhibited. Additional research
is needed to distinguish between these possibilities, but
it is important not to lose sight of the fact that whatever
their cause, these very simple measures ofprocessing ef
ficiency have been found to share large proportions of
age-related variance with complex measures ofcognitive
performance. This leads to the fourth and last constraint
for theories of cognitive aging.

Constraint 4

Factors related to simple processing efficiency need
to be incorporated in explanations ofage-related cogni
tive differences-

that is, because statistical control of variables reflecting
an individual's efficiency at carrying out elementary
cognitive operations has been found to reduce the age
related variance in a wide variety of cognitive variables
by between 50% and 100%, factors contributing to basic
processing efficiency must playa prominent role in com
prehensive theories of cognitive aging.

IMPLICATIONS FOR FUTURE RESEARCH

If the constraints described above are accepted as rea
sonable, then they presumably must be incorporated in
any plausible theory attempting to account for age
related cognitive decline phenomena. Theories focusing
exclusively on processes specific to a particular type of
cognitive functioning (e.g., deliberate recollection in
memory, or mental rotation in spatial tasks) or on higher
order processes (e.g., metacognitive evaluations, or overt

compensatory strategies) will therefore need to be sup
plemented before they can be considered complete the
ories of cognitive aging. Furthermore, to the extent that
the constraints are valid, they suggest two important di
rections for future research. One line of research should
be directed at investigating the sources of the age rela
tions on measures of simple processing efficiency and of
the mechanisms by which they affect cognitive function
ing. The second focus for future research should be in
vestigation of the mechanisms responsible for specific
age-related influences. That is, in addition to learning
more about the nature of the hypothesized general or
common factor and how it exerts its influence, research
should also be directed toward examining the operation
ofmechanisms that are independent ofthe general factor.

There are at least two major reasons why it can be ar
gued that the highest priority for future research and theo
rizing should be understanding the nature of age-related
differences in simple processing efficiency. First, specific
influences are, by definition, more limited in scope than
general influences, and thus have a more restricted range
of explanatory power. And second, limitations at a basic
level may influence the type or effectiveness ofany higher
level processing that can be carried out. Analyses ofspe
cific age-related influences would therefore likely be
meaningful only to the extent that procedures have first
been employed to control or adjust for any general age
related influences that might exist. In view of the large
amount of evidence indicating that general age-related
factors contribute to the observed age-related differences
in many cognitive variables, researchers interested in in
vestigating specific age-related influences would be well
advised to consider the impact of broader influences be
fore placing much confidence in their interpretations of
specific influences. For example, to ensure that the effects
of interest are truly specific and independent of broader
or more general factors, these researchers might focus
on explaining the residual age-related variance that re
mains after the influence of measures of simple process
ing efficiency have been statistically controlled.

An initial step in research aimed at investigating gen
eral age-related influences might consist of specifying
possible sources ofage-related differences in simple pro
cessing efficiency. Among the categories of explanation
that could be considered are nonspecific factors such as
level of motivation (e.g., amount of interest in, or effort
expended on, the task) or cautiousness (e.g., relative em
phasis on accuracy or quality compared with speed), input
and output factors such as sensory abilities (e.g., sensitiv
ity to environmental stimulation) and motor abilities (e.g.,
quickness of emitting or controlling overt responses), and
cognitive system characteristics such as working memory
(e.g., the ability to maintain information about the task re
quirements while also fluently performing the relevant op
erations), attention (e.g., the ability to allocate, inhibit,
sustain, or redirect attention to relevant aspects of the
task), and processing speed (e.g., the rate at which many
different processing operations can be executed).
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The next step in this type of research might involve a
detailed examination of one or more of the candidate
sources ofage-related differences. There are a number of
ways in which this investigation could proceed, but sev
eral broad principles or guidelines can be identified.
Much of the previous research examining the variables
listed above has been limited in its informativeness be
cause one or more ofthese principles have been neglected.
One guideline is that two or more measures of the rele
vant construct should be assessed to minimize the influ
ence of method-specific variance, maximize the contri
bution ofthe theoretically interesting construct variance,
and increase the reliability of the assessment. When only
a single variable is used to assess the construct, it is im
possible to distinguish the influences associated with the
materials, procedures, and forms of assessment from
those attributable to the theoretical construct of primary
interest. Reliability can also be improved by aggregation
across different variables as well as by aggregation across
additional observations involving the same variable. A
second guideline is that both correlational and experi
mental procedures should be employed whenever possi
ble. Correlational procedures are useful to evaluate the
explanatory power of the hypothesized mediator by de
termining the relative magnitudes of the mediated and
unmediated relations between age and various measures
ofcognitive performance. For example, a construct would
probably not be considered plausible as a mediator ifthe
age-related variance in the criterion variable was not sub
stantially reduced after measures of that construct were
held constant by statistical means. Furthermore, ques
tions of independence and specificity are most directly
addressed with correlational methods. However, experi
mental procedures are desirable for the investigation of
the mechanisms responsible for relations between age
and the hypothesized construct and between the construct
and the cognitive measures. Finally, the research should
be replicated across independent samples and variations
in methodology in order to establish the robustness and
generalizability of the major results.

SUMMARY

The primary focus of this article has been on summa
rizing the empirical evidence relevant to what are pro
posed as four important constraints that must be consid
ered in explanations ofcognitive aging phenomena. First,
because of the great variety of variables exhibiting sig
nificant age differences, plausible theories need to in
corporate either a large number of highly specific age
related influences or a small number of more general
influences. Second, because a large proportion ofthe age
related variance on different cognitive variables has been
found to be shared and not independent, plausible theo
ries need to postulate a general factor to account for this
lack of independence. Third, because most ofthe indepen
dent age-related variance in an ordered sequence ofvari
abies occurs early, major age-related determinants must

be postulated to be operating as soon as the stimuli can
be registered and at the earliest stages of practice. And
fourth, because measures ofsimple processing efficiency
share considerable proportions of age-related variance
with many complex cognitive measures, adequate theo
retical accounts must include factors related to simple
processing efficiency. Finally, it was suggested that a high
priority for future research should be to investigate the
nature ofage-related differences in simple processing ef
ficiency and to discover the mechanisms by which cog
nitive performance is affected when the efficiency ofel
ementary aspects of processing is compromised.
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NOTES

I. Indices of the goodness of fit of the models were as follows:
Model in Figure 4A, X2(18) = 83.99, Std. RMR = .050, CFl = .94;
Model in Figure 48, X2(22) = 65.27, Std. RMR = .051, CFI = .94.
Model in Figure 5A, X2(68) = 135.80, Std. RMR = .056, CFI = .97;
Model in Figure 58, X2(59) = 135.06, Std. RMR = .069, CFl = .94.

2. The pattern of results for all data sets was also quite similar when
the following procedure, based on a principal-components analysis,
was performed. First, a principal-components analysis was performed
on all variables; second, the first (unrotated) principal component was
extracted to serve as an index of the general factor in the set of vari
ables; and third, a series of hierarchical regression analyses were per
formed in which each individual variable successively functioned as
the criterion variable, and the first principal component was used as a
control variable before examining the variance associated with age.
The residual age-related variance in these latter analyses indicates the
age effects that are independent of the general or common factor, and
thus they can be considered to be specific or unique.

3. It should also be noted that the conclusion that the age-related in
fluences on different variables are not independent is consistent with
interpretations of analyses based on the existence of strong systematic
relations between the mean levels of performance across conditions in
samples of young and old adults for both speed variables (e.g.,
Cerella, 1990; Myerson, Hale, Wagstaff, Poon, & Smith, 1990) and
accuracy variables (e.g., Verhaeghen & Marcoen, 1993).

4. It is important to note that the focus on processing speed as a po
tential mediator of age-cognition relations differs in at least two re
spects from the approach of other theorists who have been concerned
with age differences in measures of speed (e.g., Cerella, 1990; Myer
son et al., 1990). First, the target variables to be explained in the pres
ent analyses consist of almost all cognitive variables found to be re
lated to age in adulthood, and not merely variables measured in units
of time. And second, the results of primary interest here are compar
isons of the amount of age-related variance in the target variable be
fore and after control of an index of speed, rather than the number and
nature of the functions relating the mean speeds of one age group to
the mean speeds of another age group.
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