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Abstract

Individual differences associated with age and various neurological conditions are often found in many different
neuropsychological and cognitive variables. These variables are frequently treated as though they were independent
of one another, with the results interpreted in terms of effects on task-specific processes. However, an alternative
perspective evaluates the breadth of the individual difference influences, and takes relations with other variables into
account when considering effects on specific neurocognitive variables. This analytical procedure is illustrated in
analyses of the WAIS-IV and WMS-1V standardization data, and of data from the Virginia Cognitive Aging Project.

(JINS, 2009, 15, 650-661.)
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INTRODUCTION

A key question in research concerned with relations be-
tween adult age and neurocognitive functioning is how
many separate age-related influences are operating across a
broad range of neuropsychological and cognitive variables.
The question is important because the answer is relevant
to the number, and possibly the nature, of explanations
that will eventually be required to account for cross-
sectional age differences in neuropsychological and cogni-
tive performance.

The current project addresses this question from the per-
spective of two well-established results. First, a very large
number of neuropsychological and cognitive variables are
negatively related to increased age (for reviews, see Craik &
Salthouse, 2008; Salthouse, 1991). Not all variables have
negative age relations, because variables which emphasize
knowledge acquired from processing carried out earlier in
life tend to have higher scores at older ages. Nevertheless, a
great many variables that assess efficiency of processing at
the time of assessment have been found to have lower levels
at more advanced ages. And second, what has been asserted
to be “arguably the most replicated result in all psychology”
is that cognitive variables tend to be positively correlated
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with one another (Deary, 2000, p. 6), which implies the vari-
ables can be organized into a structure based on their pat-
terns of correlations with each other. Furthermore, there is
currently a consensus that a well-fitting structure involves
a hierarchy, with progressively fewer constructs at succes-
sively higher levels in the hierarchy (e.g., Carroll, 1993;
Deary, 2000; Gustaffson, 1988, 2002; Jensen, 1998).

An advantage of the hierarchical structure of neuro-
psychological and cognitive abilities is that it allows a re-
searcher to investigate where cross-sectional age relations
operate on the structure (Salthouse, 1998, 2004; Salthouse
& Czaja, 2000; Salthouse & Ferrer-Caja, 2003), which
in turn could have implications for the nature of those
influences. For example, if age-related influences were
found to operate only at the bottom of the structure, it
would suggest that cross-sectional age differences are pri-
marily evident at the level of individual neuropsychologi-
cal or cognitive variables. However, if age relations were
found at higher levels, it would suggest the existence of
broader influences that are shared across different types
of variables.

Another advantage of this kind of organizational structure
is that it can be used to estimate the relative contributions of
different types of influences on a given target variable. This
point can be elaborated by considering Figure 1, which por-
trays a hierarchical structure in which the primary interest is
in the relation of age to a single target variable. The left panel
indicates that age relations can be examined while ignoring
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Fig. 1. Schematic illustration of two approaches to examining the relation between age and a target variable. In the left
panel, the variable is considered in isolation, and in the right panel, it is considered in the context of other variables to

which it is related.

the structure among the variables and the relations of age on
the structure. However, even though the other influences are
not assessed in this model, they can still affect the target
variable, and thus the simple relation of age can be postu-
lated to represent an undifferentiated mixture of influences
that are unique to the variable, and influences that are shared
with other abilities and variables. The right panel in Figure 1
portrays a model in which the age-related influences on the
target variable are examined after controlling age-related in-
fluences on other variables or ability constructs in the struc-
ture. The standardized coefficient for age in this model
therefore represents the influence of age on the target vari-
able that is independent of influences operating at higher, or
more abstract, levels. Because these direct relations repre-
sent what is not shared with influences on other variables,
they can be interpreted as what needs to be explained in
terms of specific age relations on the variable.

Although the primary individual difference variable of in-
terest in the current project is adult age, the same types of
analytical procedures can be used to investigate the nature,
and breadth, of neurocognitive differences associated with
virtually any individual difference characteristic. For exam-
ple, similar types of hierarchical analyses have been used in
a study of AIDS patients (Becker & Salthouse, 1999), and in
a study of individuals with Alzheimer’s disease (Salthouse &
Becker, 1998).

There were two goals of the current project. The first goal
was to examine the level at which cross-sectional age rela-
tions operate in a hierarchical structure to determine the
breadth of age-related influences on neuropsychological and
cognitive functioning. The second goal was to decompose
the simple age correlations on a variety of neuropsychologi-
cal and cognitive variables into total and unique age-related
influences. The initial data set, based on the normative data
from the WAIS-IV and WMS-IV test batteries, was nearly
ideal for addressing these goals as it is based on a broad and
representative sample of the population, with each partici-
pant providing data on a large variety of reliable variables.
To examine the generalizability of the results, parallel analy-
ses were also conducted on aggregate data from the authors’
laboratory (the Virginia Cognitive Aging Project), which in-
volved different combinations of variables and an indepen-
dent sample of participants.

DATA SET 1

Method

The data reported in this manuscript were acquired in com-
pliance with the regulations of our local institutions and with
the review and approval of the Institutional Review Board.

Participants

The data in the first data set were obtained from the samples
used to establish norms for the WAIS-IV (Wechsler, 2008)
and WMS-IV (Wechsler, 2009) test batteries. The partici-
pants in these samples were selected to match demographic
proportions in the U.S. population, and they ranged from
16 to 90 years of age. The sample sizes differed across vari-
ables, because some of the tests were not administered to
adults over age 69, and there was only partial overlap of the
individuals in the samples used to establish the WAIS-IV
norms and the WMS-IV norms. Further details on the sam-
pling methods, and the representativeness of the samples,
can be found in the Technical and Interpretive Manuals (i.e.,
Wechsler, Coalson & Raiford, 2008; Wechsler, Holdnack &
Drozdick, 2009). Brief descriptions of the variables included
in the analyses are contained in the Appendix, and more
details are available in the manuals (i.e., Wechsler, 2008,
2009; Wechsler et al., 2008; 2009).

RESULTS AND DISCUSSION

Table 1 contains descriptive statistics for all variables, includ-
ing means, standard deviations, reliabilities, proportions of
variance associated with linear, quadratic, and cubic age rela-
tions, and factor loadings before and after partialling age.
Internal consistency estimates of the reliabilities of the vari-
ables were obtained from Table 4.1 of the WAIS-IV manual
(Wechsler et al., 2008) and from Table 3.1 of the WMS-IV
manual (Wechsler et al., 2009). It can be seen that the reli-
abilities for most of the variables were above .80. Although
not reported here, test—retest reliabilities for the reliabilities
were also relatively high. For example, the values in Table 4.5
in the WAIS-IV manual ranged from .69 to .91, and those in
Table 3.4 of the WMS-IV manual ranged from .62 to .81.
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Table 1. WAIS/WMS-IV Data

T.A. Salthouse

Proportion of variance

Variable N Mean (SD) Rel. Age Age? Age’ Loading
Gce
Vocabulary 2200 34.6 (11.1) .94 .009%* .049% .000 .88/.89
Information 2200 13.5(5.3) .93 .001 .020% .008* 19179
Similarities 2200 23.9 (5.8) .87 .013* .052%* .000 .85/.85
Comprehension 2200 22.9(6.2) .87 .002 .045% .001 .87/.86
Gf
Block Design 2200 38.8 (13.7) .87 222% .009%* .000 .83/.68
Matrix Reasoning 2200 16.0 (5.6) .90 275% .019% .000 .82/.64
Visual Puzzles 2200 13.6 (5.1) .89 232% .012%* .000 .82/.66
Picture Completion 2200 12.1 (4.4) .84 .160%* .027%* .000 .71/.59
Figure Weights 1800 14.5 (5.0) .90 112% .001 .001 .81/.64
WM
Digit Span Forward 2200 10.2 (2.4) .81 .032% .010* .003 X/X
Digit Span Backward 2200 8.4 (2.5 .82 .045°% .012%* .001 .67/.67
Digit Span Seq. 2200 8.2 (2.6) .83 .109%* .021%* .001 .76/.70
Arithmetic 2200 13.6 (3.7) .88 .016* .037%* .001 X/X
Letter Number Seq. 1800 19.6 (3.8) .88 .030* .005% .001 .82/.76
Symbol Span 1399 21.04 (8.7) .84 327* .020* .000 .82/.59
Spatial Addition 900 13.96 (4.8) 91 .195% .004 .000 .79/1.55
Speed
Symbol Search 2200 29.5(9.6) .81 .299% .036* .000 .88/.68
Coding 2200 62.8 (19.7) .86 307+ .040% .001 .88/.68
Cancellation 1800 39.6 (9.7) 78 .040* .005%* .001 .64/.53
VisMem
Vis. Repro. — Imm 1399 33.21(7.7) .93 .382% .036%* .005 .85/.62
Vis. Repro. — Del 1399 23.02 (10.6) .96 .334% .008* .000 X/X
Des. Total — Imm 900 74.61 (16.9) .85 .178* .001 .001 .79/.53
Des. Total — Del 900 60.30 (16.4) .85 .168* .003 .002 X/X
VerbMem
Verb. PAssoc. — Imm 1400 29.24 (12.7) .93 A23%* .004* .000 .86/.56
Verb. PAssoc. — Del 1400 8.78 (3.8) 74 A50% .005%* .000 X/X
Log. Mem. — Imm 1400 26.75 (7.9) .86 .013* .002 .017* X/X
Log. Mem. — Del 1400 20.05 (8.2) .87 130%* .035°%* .002 .67/.65
#p < 01.

Note. The first value in the Loading column is the loading when age was ignored, and the second was the loading when age was
partialled from all variables. X indicates that the variable was not included in the factor analysis and therefore does not have a loading.
Fit Statistics for the Correlated Factors Model in Figure 2. Ignoring age: Chi-Squared =1467.44/df=174, CFI=.950, RMSEA =.054,
90% CI=.051 —.056. Age-partialled: Chi-Squared =1038.86/df=174, CFI=.969, RMSEA =.044, 90% CI=.042 — .047.

To minimize collinearity among the linear, quadratic, and
cubic age relations, the age variable was first centered by
subtracting each value from the mean, and then the age-centered
values were squared to create a quadratic age term and
cubed to create a cubic age term (cf. Cohen & Cohen, 1983,
p. 238). These three variables were then entered in succes-
sive steps in multiple regression equations predicting each
WAIS-IV or WMS-IV variable to determine the proportions
of variance associated with linear, quadratic, and cubic age
trends. The linear age relations were positive for the vocabu-
lary and information variables, but were negative for the
other variables. Most of the variables also had significant
quadratic age relations, in the direction of accelerated de-
cline at older ages, but with only a few exceptions, the qua-
dratic relations were much smaller than the linear relations.

The cubic age trends were significant only for the Informa-
tion and Logical Memory variables, and in both cases re-
flected an initial dip followed by a rise and later decline.
Separate location and content scores were available from
the Designs subtest, but because they were highly correlated
with one another, and had similar correlations with age, only
the total score was used in the analyses. Correlations be-
tween scores in the immediate and delayed versions of the
memory tests were also quite strong (i.e., range from .72
to .93), and thus only one score was included in subsequent
analyses to avoid redundancy. Unique relations with age
on the delayed variable after controlling the variance in the
immediate variable were examined to determine which of the
two versions to include. The unique age-related variance
(i.e., R?) in the delayed version after controlling the variance
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in the immediate version was only .007 in the Designs test,
.008 in the Verbal Paired Associates test, and .017 in the
Visual Reproduction test. At least with these variables, there-
fore, the delayed versions of the tests do not add appreciable
information over the immediate versions with respect to their
relations with age. However, the unique age-related variance
in the Delayed Logical Memory test was .198, which was
actually larger than the age-related variance in the Immedi-
ate Logical Memory test. This pattern of results led to the
decision to use only the immediate variable of each test in
the analyses, except for the Logical Memory test in which
only the delayed version was used. Finally, to focus on the
simplest representation of the ability factors, two variables
with weak or split loadings on the primary factors, Digit
Span Forward and Arithmetic, were also deleted from sub-
sequent analyses.

Factor analyses and structural equation models were con-
ducted with the AMOS statistical package (Arbuckle, 2007),
using the Full Information Maximum Likelihood algorithm
to deal with missing data. Based on factor analysis results
reported in the manuals, a confirmatory factor analysis with
six factors was conducted. Four of the factors were similar to
those identified in the WAIS-IV manual, namely, Gc (termed
Verbal Comprehension in the WAIS-IV), Gf (termed Percep-
tual Reasoning in the WAIS-IV), and Working Memory
(WM) and Speed (Spd). The other two factors were based on
tests from the WMS-IV and were labeled verbal memory
(VbM) and visual memory (ViM), respectively.

Two separate analyses were conducted, with the age-
related variation on the variables ignored in the first analy-
sis, and the age-related variation partialled from all scores in
the second analysis. The purpose of the second analysis was
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to examine the extent to which the structure among the vari-
ables might have been influenced by the relations of the
variables to age. That is, when several variables are all re-
lated to age, some of the relations among them could be
spurious and merely reflect the relations of each variable
with age. By removing the relations of age from all vari-
ables, the second analysis eliminates the possibility that the
relations among the variables are influenced by the relations
of each to age.

Inspection of the entries in Table 1 reveals that the factor
loadings were slightly weaker when the age-related variance
in the variables was controlled, with the largest difference
between the two sets of values for the variables which had
the strongest age relations. The bottom of the table contains
fit statistics for the structural models portrayed in Figure 2
when all age relations on the variables were ignored, and
after partialling age from all variables. Because Kline (2005)
notes that rules of thumb for good fits are comparative fit
indices (CFI) above .90 and RMSEA values below .08, the
model can be considered to provide a relatively good fit to
the data.

Figure 2 portrays the correlations among the cognitive
ability factors, with the first number in each pair represent-
ing the simple correlation between the constructs, and the
second number representing the correlation after age-related
influences were partialled from each variable. It can be seen
that some correlations, particularly those involving Gc, were
larger after the age-related variation was controlled, and
others, particularly those involving speed, were smaller after
control of the age-related variation. The shift in the strengths
of the Gc correlations likely occurs because the mean age
trend for the Ge construct was in the opposite direction of
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Fig. 2. Correlations among the six ability constructs specified in the Wechsler data. The first number in each set is the
correlation ignoring age, and the second is the correlation after partialling age-related variation from each variable. Gc
refers to crystallized ability, Gf to fluid ability, WM to working memory, VbM to verbal memory, ViM to visual memory,
and Spd to speed. All portrayed correlations are significantly different from zero (p <.01).
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that for the other constructs, and therefore the correlations
were partially suppressed when the age variation was
included. The shift for the speed construct was in the direc-
tion of weaker relations after controlling speed, possibly be-
cause when age was ignored the correlations were inflated
by the strong relations of the constructs to age. Despite these
differences, it is important to note that the organizational
pattern was qualitatively very similar before and after con-
trolling the age-related variance, and therefore it seems rea-
sonable to conclude that the organizational structure was not
seriously distorted by variation in age.

Figure 3 portrays the age relations on composite scores
formed by averaging the z-scores for the variables contribut-
ing to each factor. Notice that there was very little relation of
age to the Gc composite score, but that all of the other com-
posites had similar negative age relations that were nearly
continuous from the 20s and 30s.

Because correlations between variables or constructs can
be postulated to be caused by their shared dependence on a
higher-order factor, an alternative representation of the cor-
relations in Figure 2 is the hierarchical structure portrayed
in Figure 4. Coefficients in circles in this figure represent
loadings of the cognitive ability constructs on the 2nd-order
common factor when age was partialled from all variables
and was not included as a predictor of any of the constructs.
The rationale for the age-partialling was to identify the
hierarchical structure without any distortion induced by the
relations of age to the variables or constructs. Notice that
there were strong relations between each of the 1st-order
cognitive ability constructs and the 2nd-order common
factor, with three of them (i.e., Gf, WM, and visual memory)
.90 or greater.

T.A. Salthouse

To determine whether the coefficients from the 2nd-order
common factor were different from 1.0, a series of models
was examined in which each coefficient was separately con-
strained to 1.0 to determine if this resulted in a significant
loss of fit of the model to the data. The analyses revealed that
constraining the Gf, WM, and ViM coefficients to 1.0 did
not result in a significant loss of fit (i.e., Ay2<1, df = 1),
but constraining the Gc, Speed, and VbM coefficients all re-
sulted in significantly poorer fit (i.e., Ay>>48, df=1). Based
on these results it can be concluded that the Gf, WM, and
ViM coefficients were not significantly different from 1.0.

The influence of individual difference variables on the hi-
erarchical structure was examined by starting at the top, and
then successively considering constructs from left to right,
retaining the path if the coefficient was significantly differ-
ent from zero. (See Salthouse, 2004, for the rationale for
starting at the top in this type of hierarchical analysis.) Al-
though the primary interest in this report was in age as the
individual difference variable, sex differences were first ex-
amined with a coding of 0 for male and 1 for female. The
significant (p < .01) standardized relations for the sex influ-
ences were —06 on Gc, —.10 on Gf, .06 on verbal memory,
and .12 on Speed. This pattern reflects a slight female advan-
tage on tests of verbal memory and speed, and a slight male
advantage on tests of Gc and Gf.

Figure 4 illustrates the significant linear age relations on
the constructs in the hierarchical structure. (More complex
models with quadratic and cubic age terms were also exam-
ined, but these additional age terms were associated with rela-
tively small increments in model fit and thus only the models
with the linear age term are reported.) Notice that there was
a large negative linear age relation on the highest-order
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Fig. 3. Mean composite scores (with standard errors) as a function of age in the Wechsler data. Note that not all partici-
pants were administered some tests, and therefore the Figure Weights variable is not included in the Gf composite, the
Cancellation variable is not included in the Speed composite, and only the Visual Reproduction variable is reported for

visual memory.
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Fig. 4. Hierarchical structure for the Wechsler variables. The numbers in circles are the standardized loadings of the
cognitive ability factors on the higher-order common factor in an initial analysis in which age was partialled from each
variable. The other numbers are standardized coefficients for the linear age relations on the constructs. Ge refers to crys-
tallized ability, Gf to fluid ability, WM to working memory, VbM to verbal memory, ViM to visual memory, and Spd to
speed. All coefficients are significantly different from zero (p <.01).

common factor, a large positive relation on Gc, a small posi-
tive relation on WM, and small negative relations on verbal
memory, visual memory, and speed.

Although the model in Figure 4 may appear rather com-
plex, it is parsimonious in the sense that it represents the age
relations on 21 variables with only 6 age relations. One way
to examine the accuracy of the model in reproducing the age
relations is to determine the magnitude of direct relations
between age and a variable in the context of the model. That
is, large direct relations between age and a variable indicate
that the influences in the model do not account for all of the
age relations in that variable. Standardized linear age rela-
tions for the total and unique age-related influences on indi-
vidual neuropsychological and cognitive variables based on
the model in Figure 4 were, therefore, computed, and are
presented in Table 2.

Inspection of Table 2 reveals that most of the variables
other than those representing Gc had much smaller age rela-
tions when the age-related differences were considered within
the context of other cognitive variables. In fact, the median
age coefficient for the simple relation was —.44 and it was
only .02 for the unique age relation. At least for the non-Gc
variables, therefore, it appears that large proportions of the
cross-sectional age differences on the variables were shared,
and were not unique to the variable.

The reduction in the magnitude of the age relations was
smaller for the Symbol Span and Spatial Arithmetic vari-
ables, possibly because the other WM tasks involved alpha-
numeric verbal material and had smaller total age relations.

The reduction was also small for the Verbal Paired Associ-
ates variable, and the sign of the unique age relation was re-
versed with the Logical Memory variable. This reversal
pattern is likely a consequence of combining two variables
with different age relations in a single latent construct such
that when both are modeled with the same age coefficient,
the age relations on one variable are underestimated, whereas
those on the other variable are overestimated.

To summarize, a model in which six factors represented
the 21 variables was found to provide a reasonably good fit
to the combined WAIS-IV and WMS-IV data. When recon-
figured as a hierarchical model, the Gf, WM, and visual
memory constructs all had extremely high relations with the
higher-order factor. There were large negative age-related
influences at the highest level in the hierarchy, and in addi-
tion, a moderate positive relation on Gc, and additional neg-
ative relations on the speed and memory constructs. After
taking the age-related influences on these constructs into
consideration, most of the direct age relations on individual
neuropsychological and cognitive variables were very small
and many were not significantly different from zero.

DATA SET 2

To examine the generalizability of the patterns reported
above, the same types of analyses were repeated with data
from the Virginia Cognitive Aging Project (VCAP), based on
data aggregated across studies conducted in the Salthouse
Cognitive Aging Laboratory since 2001. The participants in
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these studies were recruited from newspaper advertisements,
flyers, and referrals from other participants. As with Data Set 1,
the data were acquired in compliance with the regulations of
our local institutions and with the review and approval of the
Institutional Review Board.

The combination of tests varied somewhat over time, and
therefore not all participants were administered every test.
However, the sample size was over 3,500 for some variables.
The variables are briefly described in the Appendix, and more
details are available in other publications (e.g., Salthouse,
2004; Salthouse & Ferrer-Caja, 2003; Salthouse, Siedlecki
& Krueger, 2000).

Table 3 is analogous to Table 1 in that the means, standard
deviations, reliabilities, age relations, and factor loadings are
presented for each variable. Notice that the reliabilities were
generally high, and the median internal consistency reliability
of the variables was .83. Test-retest reliabilities for the vari-
ables are reported in Table 2 of Salthouse and Tucker-Drob

Table 2. Standardized regression coefficients for linear age
relations on individual cognitive variables, WAIS-IV/WMS-IV
data

Only age Unique age
Ability
Variable
Gce
Vocabulary 10% .16*
Information .03 .04
Similarities —.12% —-.16*
Comprehension -.04 —-.06*
Gf
Block Design —A47* .05%
Matrix Reasoning —.53% —.06*
Visual Puzzles —.48%* .02
Picture Completion —.40% .04
Figure Weights —.34% -.04
WM
Digit Span Backward -21% 20%
Digit Span Seq. —.33% .09*
Letter Number Seq. - 17* .10%*
Symbol Span -.57* —.24%
Spatial Addition —.44%* —.32%
Speed
Symbol Search -.55% -.01
Coding -.55% -.02
Cancellation -.20% .06
Visual Memory
Vis. Repro. — Imm —.48% 3%
Des. Total — Imm —.42% —11%
Verbal Memory
Verb. PAssoc — Imm —-.65% —.33%
Log. Mem. — Del -.36% 37

*p<.0l.

Note. The column labeled “Only age” contains the simple correlation with age
as portrayed in the left panel of Figure 1. The column labeled “Unique age”
contains the standardized regression coefficient for age after considering rela-
tions on the hierarchical structure, as portrayed in the right panel of Figure 1.

T.A. Salthouse

(2008), where the range was from .77 to .93. Most of the age
trends were linear, but they were small and positive for the Gc
vocabulary variables, and larger and negative for the remain-
ing variables. In contrast to Data Set 1 in which only 2 of 21
variables had significant cubic age trends, all but the 3 speed
variables had significant cubic age trends reflecting a dip, rise,
and decline. These cubic age trends may be attributable to
slightly less select samples of adults in their 30s and 40s rela-
tive to other age groups in the VCAP data set.

Based on prior research with these variables (e.g., Salthouse,
2004; Salthouse & Ferrer-Caja, 2003), a confirmatory factor
analysis was specified with 5 factors, each represented by
either 3 or 4 variables. This model provided a relatively good
fit to the data, and it can be seen in Table 3 that all variables
had loadings above .70. Furthermore, most of the loadings
were only slightly smaller when the analysis was based on
age-partialled residuals.

Figure 5 portrays correlations among the cognitive abili-
ties. As in the Wechsler data, the correlations among the
abilities were larger with Gc, and smaller with speed, when
the age-related variation was controlled.

Means for the composite scores representing each factor
are portrayed in Figure 6 as a function of age. Similar to the
Wechsler data, the age relations on the composites were all
negative except for the Gc composite, which was slightly
positive.

The hierarchical model is portrayed in Figure 7 with coef-
ficients in circles corresponding to the standardized loadings
of the ability constructs on the higher-order construct when
the influences of age were partialled from all variables. All
of the 1st-order ability constructs had moderate to strong re-
lations with the 2nd-order common factor, with the Gf con-
struct having a relation of essentially 1.0. Constraining the
coefficients of the Ist-order factors on the 2nd-order factor
resulted in a significant loss of fit (i.e., Ay>>53; df=1) for
all but the Gf factor, indicating that the coefficients of these
other factors were all significantly less than 1.0.

As with the Wechsler data, influences associated with sex
were examined first, again coding males as 0 and females as
1. The standardized relations were —.07 on Gc, —.19 on Space,
.19 on Memory, and .13 on Speed. The pattern of a female
disadvantage on Gc, but an advantage on memory and speed,
is very similar to the results with the Wechsler data.

The age relations in the hierarchical structure are por-
trayed in Figure 7, where it can be seen that there was a
large negative relation of age on the highest-order common
factor, a large positive age relation on Gc ability, and nega-
tive age-related influences on verbal memory and speed
abilities.

Table 4 contains the linear age relations on individual vari-
ables before and after control of variation in other variables.
The pattern is again similar to that with the Wechsler data in
Table 2 as most of the non-vocabulary variables had much
smaller unique than total age relations. In fact, the median
total age relation was —.44, exactly the same as in the
Wechsler data, whereas the median unique age relation was
only —.03.
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Table 3. VCAP (Virginia Cognitive Aging Project)
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Proportion of variance

Variable N Mean (SD) Rel. Age Age? Age? Loading
Gce

Vocabulary 3552 50.5 (10.6) .89 .008* .006* .008* .86/.87

Picture Vocabulary 3552 18.2(5.4) .89 .080%* .046* .008* .80/.77

Synonym Vocabulary 3465 6.9 (2.8) .83 .092%* .009%* .006* .88/.83

Antonym Vocabulary 3444 6.4(2.9) .84 .041%* .014* .005°%* .84/.80
Reasoning

Matrix Reasoning 3456 7.6 (3.5) .81 .282% .003* .004* .85/.67

Shipley Abstraction 2734 13.1 (3.7) .86 .183%* .012% .008* .86/.75

Letter Sets 3297 11.0 (2.9) .79 .091%* .028%* .007* 75170
Spatial Visualization

Spatial Relations 3463 8.7(5.0) .89 A127%* .000 .002%* .86/.79

Paper Folding 3466 6.2 (2.8) 75 182% .000 .003* .83/.70

Form Boards 3288 7.0 (4.3) .88 210% .004* .008* .751.60
Verbal Memory

Word Recall 3545 34.7 (8.6) .90 .203%* .029* .008* .78/.62

Paired Associates 3055 3.0(1.8) .80 159% .006* .002%* 771.65

Logical Memory 3532 44.0 (10.2) 72 .067* .010* .010% 71770
Speed

Digit Symbol 3542 72.2 (18.3) .83 .342% .017* .000 .87/.59

Pattern Comparison 3488 16.3 (3.8) .84 .333%* .005%* .001 .78/.53

Letter Comparison 3489 10.5 (2.5) .89 241% .022% .000 .78/.63

#p < 0L

Note. The first value in the Loading column is the loading when age was ignored, and the second was the loading when age was partialled
from all variables. Fit Statistics for the Correlated Factors Model in Figure 5. Ignoring Age: Chi-Squared=1932.53/df=94, CFI=.946,
RMSEA=.074, 90% CI=.071 — .077. Age-partialled: Chi-Squared=1238.87/df=94, CFI1=.970, RMSEA =.058, 90% CI=.056 — .061.

GENERAL DISCUSSION

One important finding from these analyses is that very simi-
lar results were obtained across two separate data sets with
independent samples of participants and different combina-
tions of cognitive variables. This is noteworthy because the
Wechsler data were based on a sample selected to match de-
mographic proportions in the United States, whereas the par-
ticipants in VCAP were largely a sample of convenience.

In both data sets there were moderately strong correla-
tions among the variables, and reasonably good fits of the
data to a model in which the variables were organized into
a structure with correlated neurocognitive abilities. When
the correlated abilities were rearranged into a hierarchical
structure, there were strong relations of reasoning (.99), Gf
(.91), WM (.90), and visual memory (.93) to the highest-
order factor. These strong relations are consistent with nu-
merous earlier reports (e.g., Gustaffson, 1988, 2002;
Salthouse, 2004; Salthouse & Davis, 2006), and suggest
that the individual differences in these abilities overlap
nearly completely with individual differences in the higher-
order construct representing what is shared among different
cognitive abilities. Stated somewhat differently, these re-
sults suggest that the 2nd-order construct and the constructs
representing reasoning, Gf, working memory, and visual
memory, may reflect essentially the same dimension of
cognitive functioning.

The two data sets also had similar patterns of sex differ-
ences in the hierarchical structure. In both cases females had
higher average levels in verbal memory and speed, and
slightly lower levels in Gc, but there were no sex differences
on the highest order common factor.

The age-related differences were also consistent in the
two data sets as is apparent in the age trends on composite
scores in Figures 3 and 6, and in the pattern of age relations
in Figures 4 and 7. In the hierarchical models there was a
strong negative influence of age on the highest order factor,
and in addition, a moderate positive influence on Gc, and
negative influences on speed and some measures of memory.
This general pattern is very similar to that reported in other data
sets (Salthouse, 1998; Salthouse & Czaja, 2000; Salthouse &
Davis, 2006). Taken together, these results suggest that a
large proportion of the cross-sectional age-related influences
on many individual cognitive variables are shared, and that
at least some of the influences likely operate at more abstract
levels of abilities or higher order factors, and not simply at the
level of individual variables. Not all of the age-related influences
are shared because the entries in Tables 2 and 4 indicate that
unique age relations on individual variables were often
significantly different from zero. Because these unique
relations are statistically independent of influences through
the higher-order factors, they will require additional explan-
atory mechanisms beyond those that could account for
influences on the factors. However, it is important to note
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Fig. 5. Correlations among the five ability constructs specified in the VCAP data. The first number in each set is the cor-
relation ignoring age, and the second is the correlation after partialling age-related variation from each variable. Gc refers
to crystallized ability, Reas to inductive reasoning, Space to spatial visualization, Mem to (verbal) memory, and Spd to
speed. All portrayed correlations are significantly different from zero (p < .01).

that the unique age relations were always much smaller than
the simple or total age relations, which suggests that at least
some of the influences were shared.

The results of these analyses, together with results from
other studies, have important implications for explanations
of individual, and particularly age-related, differences in
neuropsychological and cognitive functioning. That is, the

explanatory focus could be quite different if other influ-
ences on the target variables are ignored because a re-
searcher might try to account for all of the age-related
influences when only a small portion of the age relations are
specific to the variable. Consider the matrix reasoning vari-
able. A total of 25% of the variance in this variable was re-
lated to age, but less than 4% was specific to the variable
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Fig. 6. Mean composite scores (with standard errors) as a function of age in the VCAP data.
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ficients are significantly different from zero (p < .01).

when the age-related influences were considered in the con-
text of age-related influences on other variables. Compara-
ble values in the VCAP data were 25% and 3%, respectively.
A very similar pattern was evident with the digit symbol
(coding) variable, as the total and unique variance associated
with age in the Wechsler data was 30% and 0%, respec-
tively, and 35% and less than 1%, respectively, in the VCAP
data.

A researcher might try to explain the age-related effects on
a variable with a task-specific strategy of identifying relations
among matrix elements in matrix reasoning, or learning as-
sociations between digits and symbols in the digit symbol
substitution task. However, if the proposed explanatory
mechanisms are not applicable to other variables found to
share age-related influences, they would only be able to ac-
count for a small fraction of the total age relations on the
variables.

An alternative research approach might involve trying to
explain the shared influences in addition to the unique influ-
ences. This will likely require a combination of interpreta-
tions that are specific to the variable (e.g., task-specific
strategy or processes) and that are shared across different
variables (e.g., ability to conceptualize, plan, organize, exe-
cute, hold information in mind, etc.). The behavioral patterns
described above clearly suggest that there is overlap of the

age-related influences across different neuropsychological
and cognitive variables. An informative next step might in-
volve examining whether the variables with shared age-
related influences also share neurobiological substrates, such
as the involvement of the same neuro-anatomical regions or
circuits.

Another promising direction for future research is to in-
vestigate whether similar patterns of shared age-related in-
fluences are evident with longitudinal data. There is some
evidence that this is the case (Tucker-Drob, 2009), but much
more research is needed before strong conclusions can be
reached.

In conclusion, the results reported here indicate the value
of adopting a multivariate perspective in analyses of neu-
ropsychological and cognitive functioning. Very few, if
any, neuropsychological or cognitive variables exist in iso-
lation, and conclusions about the nature and magnitude of
effects on specific variables can be misleading if the vari-
ables are treated as though they were independent. The
magnitude of the association with a specific variable could
be overestimated, and the breadth of the impact of the indi-
vidual difference variable could be underestimated, when a
researcher focuses on a single variable, or multiple vari-
ables are treated as though they were independent of one
another.
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Table 4. Standardized regression coefficients for linear age
relations on individual cognitive variables, VCAP data

Only age Unique age
Ability
Variable
Gce
Vocabulary .09* -.20%
Picture Vocabulary 28%* 10%*
Synonym Vocabulary 30% 2%
Antonym Vocabulary 20% —.03*
Reasoning
Matrix Reasoning —.53% -.16*
Shipley Abstraction —A42% .09%*
Letter Sets -.30% 19%
Spatial Visualization
Spatial Relations -.36% 13%*
Paper Folding —43% —.05%
Form Boards —.46%* —-.15%
Verbal Memory
Word Recall —.45% —.14%*
Paired Associates —.40% -.02
Logical Memory -.26* 20%
Speed
Digit Symbol -.59% -.04
Pattern Comparison —.58% —-.10%*
Letter Comparison —.49% 16*

*p <.01.

Note. The column labeled “Only age” contains the simple correlation with age
as portrayed in the left panel of Figure 1. The column labeled “Unique age”
contains the standardized regression coefficient for age after considering rela-
tions on the hierarchical structure, as portrayed in the right panel of Figure 1.
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APPENDIX

WAIS-IV Variables

Vocabulary: Provide definitions of words or name pictured
items.

Similarities: State how two words are similar.

Information: Answer questions of general information.
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Comprehension: Answer questions relating to common
knowledge or social situations.

Block Design: Assemble blocks to match a pictured design.

Matrix Reasoning: Select the best option that completes a
matrix or series.

Visual Puzzles: Select the pieces that will complete a larger
shape.

Figure Weights: Select weights to balance a scale.

Picture Completion: Determine which piece is missing from
a picture.

Digit Span Forward: Recall a list of numbers in the original
order.

Digit Span Backward: Recall a list of numbers in the reverse
order of presentation.

Digit Span Sequencing: Recall a list of numbers in ascend-
ing order.

Arithmetic: Solve a series of arithmetic word problems.

Letter-Number Sequencing: Listen to an intermixed set of
letters and numbers and recall the numbers in numerical
order and the letters in alphabetical order.

Symbol Search: Identify target symbols.

Coding: Copy symbols associated with numbers according
to a code key.

Cancellation: Cancel out all target shapes.

WMS-1IV Variables

Logical Memory I: Immediate recall of idea units from
stories.

Logical Memory II: Delayed recall and recognition of story
information.

Verbal Paired Associates I: Immediate recall of the second
word from a set of word pairs.

Verbal Paired Associates II: Delayed recall of the second
word from the word pairs.

Designs I: Immediate reproduction of designs in a grid.

Designs II: Delayed reproduction and recognition of designs
in a grid.

Visual Reproduction I: Immediate reproduction of visual
figures.
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Visual Reproduction II: Delayed reproduction and recogni-
tion of visual figures.

Spatial Addition: Addition or subtraction of elements from a
grid.

Symbol Span: Immediate reproduction of a sequence of ab-
stract symbols.

Data Set 2 (VCAP)

Matrix Reasoning: Determine which pattern best completes
the missing cell in a matrix.

Shipley Abstraction: Determine the words or numbers that
are the best continuation of a sequence.

Letter Sets: Identify which of five groups of letters is differ-
ent from the others.

Spatial Relations: Determine the correspondence between a
3-D figure and alternative 2-D figures.

Paper Folding: Determine the pattern of holes that would re-
sult from a sequence of folds and a punch through the
folded paper.

Form Boards: Determine which combinations of shapes are
needed to fill a larger shape.

Logical Memory: Number of idea units recalled across three
stories.

Word Recall: Number of words recalled across trials 1 to 4 of
a word list.

Paired Associates: Number of response terms recalled when
presented with a stimulus item.

Digit Symbol: Use a code table to write the correct symbol
below each digit.

Letter Comparison: Same/different comparison of pairs of
letter strings.

Pattern Comparison: Same/different comparison of pairs of
line patterns.

WALIS Vocabulary: Provide definitions of words

WIJ-R Picture Vocabulary: Name the pictured object

Antonym Vocabulary: Select the best antonym of the target
word

Synonym Vocabulary: Select the best synonym of the target
word



