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Abstract

One theory of normal cognitive aging asserts that decreases in simple processing speed mediate the age-related
decline of fluid intelligence. Another possibility is that age-related atrophic changes in frontal brain structures
undermine the functioning of executive abilities, thereby producing the same decline. In this study, we used
principal components analysis to derive a measure of fluid—spatial intelligence in 197 normal adults between 20 and
92 years of age. Measures of perceptual comparison speed, working memory, and executive ability, as well as
regional brain volumes based on high resolution magnetic resonance imaging were obtained from a subsample of
112 participants. We then conducted a series of hierarchical multiple regression analyses to test whether (1) the
processing speed theory, (2) frontal-executive theory, or (3) some combination of these best accounted for
age-related variation in fluid intelligence. The results showed that perceptual comparison speed, executive ability,
and frontal lobe volume each made significant contributions to a regression equation that explained 57% of the
variance in fluid intelligence. These findings suggest that both the processing speed and frontal-executive theory of
cognitive aging are partially correct and complement one anothié&tS2000,6, 52—61.)
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INTRODUCTION Numerous studies, however, have shown that age-related
A lated decli i q ?ﬁferences in fluid ability are greatly attenuated by control-
ge-related declines occur earlier and are more pronounce g for simple processing speed (Hertzog, 1989; Schaie,

fqr cognmvg t"’?SkS that_lnvolve on-_Ilne _proble_m—solw_ng aqd 1989). These findings have given rise to the processing speed
visual-spatial information processing (i.e., fluid—spatial abil- heory of cognitive aging, which asserts that normal age-

itigs) than fortask; thatinvolve o.v.e.rlearneld Ifnowledge'an elated decrements in the speed with which even simple
skills (|.”e., crystallized-verbal abilities). This CI&.‘SSIC aging cognitive processes are executed results in the gradual age-
pattern _(Albert & Kaplan, 198.0? has been repllcated_vylth related decline of more complex intellectual abilities (Salt-
many different tests and participant samples (Botwinick, ouse, 1996). For example, using hierarchical multiple

1967, Schale, 1983, 1994; Wechsler, 1981). For at Ieagt 3 egression, Salthouse (1991) found that age alone accounted
years, it has been argued that the gap between crystalllzeq& 17 to 31% of the variability in measures of reasoning

verbal and fluid—spatial abilities widens with age becauseamong healthy 20- to 84-year-old adults. However, after re-
the latter are more dependent on the current integrity of th oving variance associated with simple perceptua] compar-
central nervous system, increasing their susceptibility to th?son speed and working memory, age effects on reasoning

cumulative effects of age-related insults to the brain (Hoquere reduced to less than 5% of the explained variance. In

& Cattell, 1967). fact, only zero to 18% of the variance in fluid intelligence
that appeared to be explained by age wasmediated by
) : ) ) 0oerceptual comparisonspeedandworkingmemory. Pathanaly-
Reprint requests to: David Schretlen, Johns Hopkins Hospital, 60 . .
N. Wolfe Street, Meyer 218, Baltimore, MD 21287-7218. E-mail: S€S revealed that the coefficients for paths between (1) age
dschret@jhmi.edu and speed, (2) speed and working memory, (3) speed and
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fluid reasoning, and (4) working memory and fluid reason-which either age-related atrophy of the frontal lobes or age-
ing all were larger than coefficients for the direct path be-related differences in executive abilities (or both) would ac-
tween age and fluid reasoning, supporting the inference thatount for significant variance in fluid intelligence. Assuming
age-related differences in fluid ability are mediated primar-that the data revealed evidence of a relationship between
ily by individual differences in simple perceptual compari- fluid reasoning and age-related differences in either frontal
son speed and working memory. lobe volume or executive ability, our third aim was to de-

Here we advance an alternative theory of the classic agintermine whether this relationship was independent of that
pattern based on evidence that anterior brain structures arétween fluid ability on the one hand and processing speed
executive cognitive abilities appear to be especially suscend working memory on the other. Finally, our fourth aim
tible to the effects of normal aging. Using brain magneticwas to develop a model of cognitive aging that is parsimo-
resonance imaging (MRI), Raz (1996) and others have amious but explains the maximum amount of age-related vari-
gued that age-related atrophy is more pronounced for thability in fluid intelligence.
frontal lobes and basal ganglia than for the temporal, pari-
etal, and occipital lobes of the brain. Morphological studies

. METHODS

also suggest that the frontal cortex and corpus striatum show
greater vqlume losses .W.Ith normal aging than do the temResearch Participants and Procedure
poral, parietal, and occipital cortices (Haug, 1985). Execu-
tive mental abilities, which include such processes aBased on random-digit dialing, we recruited 214 adults from
hypothesis generation, response monitoring, set shifting, anithe Baltimore metropolitan area. At the time of initial re-
planning, are closely linked to the integrity of prefrontal andcruitment each participant was scheduled for a 6-hr evalu-
striatal brain structures (Kimberg & Farah, 1993; Robertsation and sent a packet of self-report questionnaires to
& Pennington, 1996; Stuss & Benson, 1986). This has ledcomplete prior to the evaluation. On the day of testing, they
to the argument that more pronounced atrophic changes igave written informed consent to participate in the study,
frontal brain structures might result in disproportionate age-and then underwent a physical examination, structured psy-
related decline in executive mental abilities (Veroff, 1980;chiatric interview (Schedule for Clinical Assessment in
West, 1996). Consistent with this, many investigators (Al-Neuropsychiatry, or SCAN (Wing et al., 1996), laboratory
bert & Kaplan, 1980; Libon et al., 1994; Mittenberg et al., blood studies, structured neurological examination (QNE;
1989; Van Gorp & Mahler, 1990; Whelihan & Lesher, 1985) Folstein, 1989), brain MRI scan, and neuropsychological
have found age-related decreases in executive abilities, alesting. Each participant was paid a stipend of $100 at the
though others have not (Boone et al., 1990). Here we hyend of the evaluation. Because this was a studgarmal
pothesize that age-related atrophic changes in frontal brairather thanoptimal aging, potential participants were ex-
structures undermine the functioning of executive abilitiescluded only if they had a history of stroke, head injury with
and that this results in the gradual decline of fluid intelli- loss of consciousness for longer than 1 hr, dementia, neuro-
gence. In 95 very healthy adults between 18 and 77 years dbgical disease (e.g., Parkinson’s disease, multiple sclero-
age, Raz et al. (1998) recently found that performance osis), or current substance dependence, or were living in a
the Wisconsin Card Sorting Test (WCST), a measure of exaursing home. On this basis 16 persons (7.5% of the initial
ecutive ability, correlated more highly with volumetric MRI sample) were excluded from further analysis, as was one
measures of prefrontal cortex than with limbic, visual, orother individual who did not complete cognitive testing.
inferior parietal cortices, lending partial support to this Of the remaining 197 participants, 78% had no=33)
frontal—-executive model of cognitive aging. Fristoe et al.or minor (n = 120) health problems, such as hypertension,
(1997), on the other hand, showed that much of the agedncomplicated diabetes mellitus, or major depression in re-
related variation in WCST performance, like that seen inmission, although the remaining 22% < 44) hadmoder-
measures of fluid reasoning, also is mediated by differenceate health problems, such as emphysema, congestive heart
in simple perceptual comparison speed and working memfailure, prior myocardial infarction, complicated diabetes
ory. They interpreted these findings as consistent with inmellitus, alcohol or drug abuse, or current major depres-
ference that much of the age-related variance in cognitivesion. These subjects were used to derive measures of
tasks with putative “localizing” significance is shared rathercrystallized and fluid intelligence based on the principal com-
than unique. ponents analysis (PCA) described in the Results. Conse-

These studies suggest that adult age differences in fluiquently, they are referred to as tREA subsampli Table 1.
intelligence are due, at least in part, to age-related decre- Finally, measures of frontal lobe and “nonfrontal” cere-
ments in simple perceptual comparison speed and workingral volume were obtained for 112 participants who are
memory. Thus, our first aim was to test this well-replicateddescribed as thBIRI subsampleMost (84%) of these par-
theory of cognitive aging. Less clear is whether adult agdicipants hadno (n = 22) or minor (n = 72) health prob-
differences in fluid intelligence also show an independeniems, although 16%n(= 18) hadmoderatehealth problems.
relationship with age-related differences in frontal lobe at-Based not only on the recruitment procedures, but also on
rophy or executive mental abilities. Thus, our second ainthe MMSE (Folstein, Folstein, & McHugh, 1975) and 1Q
was to test an alternative hypothesis of cognitive aging irscores shown in Table 1, the participants who served in this
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Table 1. Demographic, cognitive, and neuroanatomic characteristics
of the study participants

Initial sample  PCA subsample MRI subsample

Characteristit (N = 214) (N =197) (N =112)
Age 59+ 19 58+ 19 54+ 19
Sex (male:female) 97:117 88:109 48:64
Race (W:B:H:O¥ 173:35:2:4 163:30:2:2 97:13:1:1
Education (years) 134 3.4 13.6+ 3.3 13.5+ 3.3
Mini-Mental State Exam 28.21.9 28.3+ 1.7 28.6+ 1.6
Prorated Full Scale 1Q 10% 15 106+ 15 105+ 14
Modified WCST® 50+1.5 5.2+ 1.4 52+ 1.4
Brief Test of Attention 13.%+ 4.3 142+ 4.1 14.9+ 3.9
Perceptual speéd 58.4+ 17.2 60.0+ 16.0 62.8+ 16.1
Frontal lobe volume (crf) N/A N/A 354 + 45
Nonfrontal volume (cr) N/A N/A 666 + 78

lvalues expressed as meanstandard deviations unless otherwise indicat®d = White; B =
African American; H= Hispanic; O= otherracial—ethnic backgroundCategory sorts'Sum of
items correct on lists of letter and pattern comparison.

study appear to broadly represent normal communitythe central sulcus was erased on each slice according to the
dwelling persons across the entire adult life span. rules developed and described by Aylward et al. In addition,
basal ganglia and deep white matter posterior to the diago-
nal line connecting the central sulcus to the most posterior
point of the genu of the corpus callosum in each slice were
Brain MRI scans were performed on a 1.5 Tesla Generatliminated. Applying these measurement rules to the MRI
Electric Signa scanner (General Electric, Milwaukee, WI)scans of 10 healthy adults, Aylward et al. obtained an intra-
using a protocol identical to that described in previous studieslass correlation coefficient of .99, with a lower 95% con-
by our group (Aylward et al., 1997b). Contiguous 1.5 mmfidence interval value of .97. The mean frontal lobe volume
slices were acquired through the entire brain in the coronabbtained by Rater 1 was 366.7 ef8D= 25.3), compared
plane using a Fweighted, three-dimensional spoiled gra-to 367.0 cni (SD = 23.8) for Rater 2. These values are
dient recalled acquisition sequence (SPGR) with a repetislightly smaller than those obtained by Andreasen et al.
tion time (TR) of 35 ms, echo time (TE) of 5 ms, flip angle (1994), who used a stereotaxic brain-warping methda=(
of 45°, and 1 excitation. Field of view was 24 cm, and the 387.2;SD= 50.3) on the scans of 90 healthy adults. Values
image matrix was 25& 256. Images were transferred via for the present study are shown in Table 1.
FTP and archived on CD-ROMs. Many investigators adjust specific brain MRl measures
Frontal lobe measurements were made on a Gateway 2000r either total brain or intracranial volume to insure that
graphics workstation using software developed by our grougroup differences or correlations involving particular brain
(Barta et al., 1997). This allows for the three-dimensionalstructures do not simply reflect differences in brain size.
(3-D) reconstruction of images that can then be rotated irHowever, because the frontal lobes comprise roughly one-
any dimension, “painting” landmarks on the surface of thethird of the total brain volume, adjusting for the latter poses
brain, and reconstruction of two-dimensional images in anya risk of eliminating differences in frontal volume that might
plane with landmark “paint” remaining on the surface. Af- well account for variability in cognitive test performance.
ter “stripping” the brain images of cerebral spinal fluid and For this reason, we computed a measure of nonfrontal vol-
nonbrain tissue using a semiautomated thresholding praime by subtracting the volume of each participant’s frontal
gram, the frontal lobes were measured by erasing all braifobes from his or her total cerebral volume and used both
tissue not included in this region, as defined by rules thatneasures for data analyses. Estimates of cerebral volume,
are described more fully elsewhere (Aylward et al., 1997a)in turn, were based on the “stripped” brains, from which
Briefly, after reconstructing a 3-D image of the brain, thebrainstem and cerebellum were excluded, using the stereo-
central sulcus was identified, and the pre- and postcentrdbgical point-counting method described by Barta et al.
gyri were “painted” different colors. Scans were then re-(1997). Like the frontal lobe volume measures, these also
sliced in the axial plane, parallel to the AC—PC line. Thiswere based on 1.5-mm-Wweighted coronal slices through
was performed at the same resolution with which the scanthe entire brain. Using measurement grids o#<100 X 10,
were obtained, yielding slices that were 0.9375 mm thicksuch that every 10th pixel was sampled in the coronal, sag-
Starting with the most superior slice, and guided by theittal, and axial planes, the rater determined whether each
painted pre- and postcentral gyri, all brain area posterior t@ixel was in the brain or not, and total cerebral volumes

Brain MRI Protocol and Measurements
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were derived from the sum of point counts across the coroeards in only one of three possible respects (i.e., by the num-
nal slices that comprised each brain. ber, color, or design of the stimuli), and is less frustrating to
elderly adults. For this task, we summed the number of cor-
Neuropsychological Measures rect category sorts completed.

Each participant was administered Ward’s (1990) Seven_RESULTS
subtest version of the Wechsler Adult Intelligence Scale—
Revised (WAIS-R; Wechsler, 1981). This short form

includes the Information, Digit Span, Arithmetic, Similari- D€riving a Fluid—Spatial Ability Index
ties, Picture Completion, Block Design, and Digit Symbol |, orqer to derive a measure of fluid intellectual ability, we

subtests. It yields reliable and valid estimates of actual FulL,nqucted a principal components analysis (with varimax
Scale 1Q scores for adults (Axelrod et al., 1996; BenediCt ation) of the raw scores for the eight cognitive tests listed
etal., 1992), and valid estimates of Mayo Full Scale IQ scoreg, tapje 2. This analysis yielded two factors whose initial

(lvnik et al., 1992) for elderly adults (Schretlen & Ivnik, gjgenvalues exceeded unity and which accounted for 68%

1996). Five of the WAIS-R subtests were used in conjunCy e total variance. Each of these factors was defined by

tion with three other cognitive tests to derive factor mea-,  variables with factor loadings greater than .70, and
sures of fluid—spatial and crystallized—verbal ability. The h, other variables with loadings greater than .35. Because
three other measures included the (1) National Adult Readge first factor was defined by scores on the Information,
ing Test-Revised or NART-R (Blair & Spreen, 1989), amea-prithmetic, Similarities, and NART=R, it was labeled
sure of the ability to read irregularly spelled words, for which Crystallized—Verbal (Gc) Ability. The second factor was de-
the number of correctly read words was recorded, (2) Facigloq by scores on Picture Completion, Block Design, Rey—
Recognition Test (Benton et al., 1983), a measure of the abilygierrieth copy, and Benton Facial Recognition. It was
ity to match pictures of unfamiliar faces under varied light- |3 yeleq Fluid—Spatial (Gf) Ability. Based on these findings,
ing conditions, for which the number of correctly matched,,q transformed the scores on each test according t& the
faces was recorded, and (3) Rey-Osterrieth Complex Figgistripytion, (i.e., withM = 0 andSD = 1), then derived Gf
ure Test (Rey, 1941993), a test of the ability to copy @ 4ng G Indices by computing the mean of each partici-

complex two-dimensional geometric design, for which the,anrs7 scores on the four subtests that defined each factor.

number of accurately drawn details was recorded. SCOr€gg expected, Gf Index scores correlated more highly with
from these eight tests were used to conduct the prmmpaége ¢ = —.56,p < .001) than with education & .32,p <

components analysis (PCA) that yielded measures of cryspg1) whereas the Ge Index scores correlated more highly

tallized and fluid intelligence. _ _ with education ( = .66,p < .001) than with ager(= .06,
Three other cognitive tests were used as predictors in B > .35). These findings clearly demonstrate a double-
series of multiple regression models. Borrowing from Salt-yissociation between age and education on the onevemnd
house (1991), each participant completed four tasks that inssyype of intellectual ability on the other. As shown in
volved the rapid comparison of letter strings (composed Of:igure 1, mean Gf Index scores decrease by roughly 1.6 stan-

3 or 6 letters each) or line patterns (composed of 3 or 6 lineg§ 44 deviations between the ages of 20 and 90, whereas Gc
each). The participant was required to indicate whether the

letter strings or designs that comprised each pair were iden-

tical or different by marking an ‘S’ or a ‘D’ in the space ble 2. Variable loadi PCA rotated factors that defi

between them. The number of correct comparisons made iﬁa € <. vanable loadings on rotated factors that define

30 ded f h task d th total rystallized—\Verbal and Fluid—Spatial Abilities, and correlations
s was reco.r ed for each task, an ese totals wers .o resulting index scores with age and education

summed to derive a measure of overall perceptual compar-

ison speed. Working memory was assessed using the Brief Factor 1 Factor 2
Test of Attention or BTA (Schretlen, 1997), which involves Variable Crystallized Fluid
the presentation via audio cassette of letter—digit ;tring; (e.gwAIS_R Information 881 153
‘M'—L'-6-'J-2-9-'B’) that range from 4 to 18 stimuliin  \yA|S_R Arithmetic 786 232
length. For each of 10 such lists the participant must ignorgya|s_r Similarities 724 302
the numbers and keep a running mental tally of how manyew Adult Reading Test-Revised 870 096
letters were presented. Then, the same 10 lists are prewAIS—R Picture Completion .347 .730
sented again, and the participant is asked to ignore the |eWAIS-R Block Design .335 .785
ters and count how mangumberswere recited. Finally, Benton Facial Recognition Test .007 718
Nelson’s (1976) modification of the Wisconsin Card Sort- Rey Complex Figure Test 171 .803
ing Test, or mMWCST (Heaton, 1981), was administered as &otation % of variance 36.7 311
Index* correlation with age .064 —.561*

measure of executive ability, defined here by the require-
ments of hypothesis generation and response monitorind]
This ver5|o_n_0f th_e WCST was chosen because it is S‘flf]orte'rPearson correlations based on indices derived from the four variables that
than the original, includes test cards that match the stimulugrimarily defined each PCA factor. For these correlations; 5 < .001.

ndext correlation with education .660* .320*
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3 The processing speed hypothesis

We first tested the processing speed hypothesis of cognitive

aging using methods similar to those of Salthouse (1991).

When Gf Index scores were regressed on age alone, the re-

sulting model yielded a multipIR of .524, thus accounting

for 28% of the variance in fluid intelligence. As expected,

adding terms for perceptual comparison speed and working

memory significantly improved the model fit, increasing the

proportion of explained variance to 46%. Contrary to ex-

pectation, however, this increase was due entirely to the term

for perceptual comparison speed, asibaweight for work-

ing memory (.10) was not significant. Also noteworthy was

the finding that adding terms for speed and working mem-

ory attenuated thbetaweight for age to a nonsignificant

3 level (i.e., from—.52 to —.11).

15 25 35 45 55 65 75 8 95 Starting over without a term for_age, when fluid ability

was regressed on speed and working memory alone, the re-

Age sulting model yielded a multiplR of .673, thereby account-
e ing for 45% of the variation in fluid ability. Thereafter, adding

* Gfindex 9 GclIndex a term for age did not significantly increase the proportion
r=-.561 r=.064 of explained varianceRé,ange= -006). When this change in

R? for age is expressed as a percentage ofRhéor age

alone [i.e., (.006+ .275)x 100], it emerged that less than

3% of age-related effects on Fluid—Spatial ability wert

mediated by age-related reductions in simple comparison

Index scores increase by about 0.2 standard deviations ngpeed and working memory. Nor did adding a term for age

the same age range. The Gf Index scores were used for tri(?:asézgt'?rg%regggetothge;g)w i:ghl;g?c:rzp(\j\?odrlfivr: gli:]e?neéry
multiple regression analyses described below. failed to make a significant contribution to the model fit. As

summarized in Table 3, these findings support the process-
Multiple Regression Models ing speed model of cogljitive aging except insofar as they
of Cognitive Aging failed to show a unique interdependency between working

memory and fluid—spatial intelligence, even though their
In order to test the hypotheses advanced above, we next corero-order correlation was highly significant € .51,
ducted a series of hierarchical multiple regression analyseg. < .001).

Mean z score

Fig. 1. Crystallized (Gc) and Fluid (Gf) Index scores across the
age span.

Table 3. Multiple regression analyses related to the processing speed model of cognitive aging

(Step) Predictor Beta' Mult. R R R2hange F change) F moden
Analysis 1

(1) Age — 524w 524 275 275  F(1,110)= 41.7**  F(1,110)= 41.7%*
Analysis 2

(1) Age —.109;ns 2275 F(1,110)= 41.7**  F(1,110)= 41.7***

(2) WMm? .100;ns

(2) Speed 532w 678 459 184  F(2,108)= 18.4**  F(3,108)= 30.6***
Analysis 3

(1) WM? .115;ns

(1) Speed .599%** .673 453 .453 F(2,109)= 45.2%** F(2,109)= 45.2*%**
Analysis 4

(1) WMm? .100;ns

(1) Speed 532%x* 673 453 453 F(2,109)= 45.2%*  F(2,109)= 45.2%**

(2) Age —.109;ns 678 .459 006  F(1,108)=1.2;ns F(3,108)= 30.6***

1Refers tobetaweight at final step in each analys®VM = working memory as measured by the T#Speed= perceptual
comparison speed.
Note For allt andF statistics: *** = p <.001;ns= not significant.
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The frontal-executive hypothesis spatial intelligence depend on both frontal lobe volume and
executive ability, even after accounting for the effects of
We next tested the frontal-executive hypothesis by usingge. In these analyses, including terms for frontal lobe vol-
the same general methods as those described above. Wheme and executive ability did not attenuate the relationship
Gf Index scores were regressed on age alone, the same mbletween age and Gf nearly as much as including a term for
tiple R of .524 was obtained. Thereafter, adding terms forspeed of processing in the earlier analysis. When expressed
frontal lobe and nonfrontal volumes increased the proporas a percentage of tHe? for age alone, the change R?
tion of explained variance from 28 to 38%, and reduced thelue to ageafter removing the variance associated with in-
betaweight for age from-.52 to—.44 (as shown in Table 4). dividual differences in frontal volume and executive ability
Because thbetafor nonfrontal volume was not significant, just exceeded 50%.
we excluded it from further analyses (although including it In addition to these multiple regression analyses, we in-
did not substantially alter any of the subsequent results)estigated two basic assumptions of the proposed theory. The
We next conducted an analysis in which a term for execufirstis that the frontal cortex shows greater volume losses than
tive ability was added to a model that included age and fronether brain regions with normal aging. In the present, cross-
tal lobe volume. As shown in Table 4 (Analysis 3), this sectional study this assumption leads to the hypothesis that
increased th&? from .374 to .473, thus accounting for 47% age will show a significant negative correlation with frontal
of the variance in Fluid—Spatial Ability (nearly identical to lobe volume, and that this correlation will exceed the corre-
the 46% explained by age, processing speed, and workinigtion between age and nonfrontal volume. Consistent with
memory). In this model, thbetaweights for frontal lobe this prediction, the Pearsarbetween age and frontal vol-
volume (.270,p < .001) and executive ability (.324, < ume was—.28 (p = .003), whereas the correlation between
.001) were both highly significant. Starting over without a age and nonfrontal volume was 16 (p = .10). The second
term for age, we regressed Gf Index scores on frontal lobassumption of the frontal-executive theory is that executive
volume and executive ability, which yielded a multift®f  functioning depends, atleastin part, on the integrity of frontal—
.578, thus accounting for 34% of the variation in Fluid— striatal brain structures or circuits. To the extentthat thisis true,
Spatial Ability. Then, adding a term for age further im- and that differences in regional brain volume reflect varia-
proved the model fit and increased the proportion oftionin brain functioning, one would expect executive ability
explainedvariance by 14% (ShOWI’R’Eﬁang@f .139inAnaly-  tocorrelate more highly with frontal than nonfrontal brain vol-
sis 5). Because nonfrontal volume failed to improve theume in normal aging. Consistent with this, mMWCST perfor-
model fit in Analysis 2 (or any other analysis), it was ex- mance showed a small but statistically significant correlation
cluded from further analyses. As shown in Table 4, thesavith frontal lobe volumer(=.21,p=.024). This was not the
findings demonstrate that age-related differences in fluid-case for nonfrontal volume & .05,p = .581).

Table 4. Multiple regression analyses related to the frontal-executive model of cognitive aging

(Step) Variable Beta' Mult. R R RZange F (change) F(model
Analysis 1

(1) Age —.524%** .524 .275 275 F(1,110)=41.7**  F(1,111)= 41.7***
Analysis 2

(1) Age —.435%** .524 .275 275 F(1,110)=41.7**  F(1,110)= 41.7%**

(2) FL vol? .288***

(2) NonFL vol? .059;ns .613 .376 101 F(2,18)= 8.7*** F(3,108)= 21.7***
Analysis 3

(1) Age —.392%**

(1) FL vol 2 .270%** 611 .374 374 F(2,109)= 32.6***  F(2,109)= 32.6***

(2) Exec. ability* .324%** .688 A73 .099  F(1,108)= 20.3***  F(3,108)= 32.3***
Analysis 4

(1) FL vol 2 .369%**

(1) Exec. ability* 37 2%** .578 .334 334 F(2,109)= 27.3***  F(2,109)= 27.3***
Analysis 5

(1) FL vol? 270

(1) Exec. ability* .324%** .578 .334 334 F(2,109)= 27.3***  F(2,109)= 27.3***

(2) Age —.392%** .688 473 139 F(3,108)= 28.5***  F(3,108)= 32.3***

1Refers tdbetaat end of final step in each modéFL vol. = frontal lobe volume2NonFL vol. = total cerebral volume minus
frontal lobe volume (excluded from Analyses 3-5 because it consistently failed to improve the motiexéit, ability=
category sorts on the mWCST.

Note For allt andF statistics: *** = p <.001;ns= not significant.
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A comprehensive model of cognitive aging (i.e., from .58 to .44), indicating that their contributions to

) ) i fluid intelligence are largely dissociable from that of pro-
Our third aim was to determine whether the dependence Q'fessing speed.

fluid—spatial intelligence on frontal volume and executive Assuming that frontal lobe volume might influence ex-
ability would remain after accounting for the relationship ¢\ tive ability either directly or via its impact on perceptual
betwegn fqu ability and pe'rcep.tual comparison speed. Fa'léomparison speed, we conducted a final set of analyses. First,
ure to find evidence of a unique interdependency would SUpgyecytive ability was regressed on frontal lobe volume alone,
port the contention by Fristoe et al. (1997) that much of thehich, yielded a weak but significant model whose multiple
age-related variation in executive ability, like fluid intelli- g\y45 213 F(1,110 = 5.2,p = .024]. Then, adding a term
gence, is mediated by differences in perceptual comparisogy, perceptual speed increased the multigileo .329, im-
speed. Thus, again using hierarchical multiple regressiorbroved the model fit (2,109 = 6.6, p = .002], and re-
we tested the hypothesis that individual differences in fron,ceq the initiabetaweight for frontal lobe volume to a
tal lobe volume angbr executive ability would explain sig-  hongignificant level (from .21 to .13). When the order of
nificant variance in fluid—spatial intelligence after accounting, 4 riaple entry was reversed, the multipléor processing
for the effects of age and simple perceptual comparisogpeed alone was .306 (1 11(') = 11.3,p = .001]. There-
speed. Arelated aim was to derive amodel of cognitive aginggter adding a term for frontal lobe volume increased the
that comblnes_elements of both the processing speed a'?\qultiple R only to .329, resulting in anghangeOf 015,
frontal—executive hypotheses. which was not significant. These findings suggest that most
As shown in Table 5, entering terms for perceptual com+g794) of the variance in executive ability that initially was
parison speed, executive ability, and frontal lobe volume al yjained by individual differences in frontal lobe volume

improved the model fit, and doubled the proportion of €X-appears to be mediated by perceptual comparison speed.
plained variance in Gf Index scores that was explained by

age alone from 28% to 57%..The fir"@taweights'for spged.,  DISCUSSION

frontal volume, and executive ability all remained signifi-

cant, whereas that for age did not. Though not shown irSeveral findings emerged from this study. Based on a princi-
Table 5, the subsequent addition of terms for sex, race, yeapal components analysis of the cognitive test results pro-
of education, working memory, and nonfrontal volume allduced by 197 broadly representative, community-dwelling
failed to improve the model fit. These findings clearly dem- adults between 20 and 92 years of age, we derived measures
onstrate that the dependency of fluid—spatial intelligence omf Crystallized—\Verbal (Gc) and Fluid—Spatial (Gf) Abili-
frontal lobe volume and executive ability remains even af-ties. As expected, Gc showed a strong positive correlation with
ter accounting for the dependency of fluid—spatial intelli- years of education but only a nonsignificant positive correla-
gence on perceptual comparison speed. Importantly, addingpnwith age. Conversely, Gf showed a moderately strong pos-
terms for frontal lobe volume and executive functioning itive correlationwith education and aneven stronger negative
caused only a partial reduction of thetaweight for per-  correlation with age. These findings are precisely what Horn
ceptual comparison speed after accounting for age effectsnd Cattell’s (1967) theory of fluid and crystallized intelli-

Table 5. Multiple regression analyses related to a comprehensive model of cognitive aging

(Step) Predictor Beta Mult.t R R R®change) F change) Fmodely
Analysis 1
(1) Age —.524%** .524 .275 275 F(1,110)= 41.7**  F(1,110)= 41.7***
Analysis 2
(1) Age —.126;ns .524 .275 275 F(1,110)= 41.7**  F(1,110)= 41.7***
(2) Speed .580*** .673 .453 178 F(1,109)= 35.4***  F(2,109)= 45.1***
Analysis 3
(1) Age —.144;ns .534 .275 275 F(1,110)= 41.7**  F(1,110)= 41.7***
(2) Speed 483%** .673 .453 178 F(1,109)= 35.4***  F(2,109)= 45.1***
(3) Exec. ability 278%** 723 .523 .070 F(1,108)= 15.8***  F(3,108)= 39.4***
Analysis 4
(1) Age —.116;ns  .534 275 275  F(1,110)= 41.7**  F(1,110)= 41.7**
(2) Speed A40*** .673 .453 178 F(1,109)= 35.4***  F(2,109)= 45.1***
xec. abilit . . . . , =15. , = 39.
3)E bili 248%** 723 523 070 F(1,108)= 15.8***  F(3,108)= 39.4***
(4) FLvol? 224%%% .753 .567 .044 F(1,107)= 10.8*** F(4,107)= 35.0***

1Speed= perceptual comparison speedExec. ability= correct category sorts on the mWCS’EL vol. = total cerebral
volume minus frontal lobe volume. Entering terms for sex, race, years of education, WM, and NonFL vol. failed to improve the
model fit after the final step of Analysis 4.

Note For allt andF statistics: *** = p <.001;ns= not significant.
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gence predicts, and provide further evidence in support ofthanique variance when both were entered into a regression
“classicaging pattern” (Albert & Kaplan, 1980). Both the fac- model. Yet we found that differences in both improved the
torial purity of the two factors that emerged from the princi- model fit. Though not predicted by the frontal-executive
pal components analysis and their double-dissociation witltheory, neither does this finding contradict it. Rather, it sug-
age and education support the inference that the obtained Gests that executive functioning and frontal lobe volume con-
and Gf Indices represent reliable and valid measures dfribute to differences in fluid intelligence via mechanisms
Crystallized—\Verbal and Fluid—Spatial Ability. that extend beyond their own interrelationship. This is not
Using the Gf Index as a measure of fluid—spatial reasonsurprising in light of evidence that the frontal lobes are not
ing, the results of our first pair of multiple regression analy-the exclusive province of executive abilities,\dce-versa
ses strongly supported the processing speed theory ¢Anderson et al., 1991; Baddeley, 1998). Indeed, although
cognitive aging (Salthouse, 1996). The finding that age alonexecutive functioning correlated more strongly with frontal
accounted for 27.5% of the variance in Gf Index scores ighan nonfrontal brain volume in the present study, the cor-
well within the range of 17 to 31% reported by Salthouserelation was weakr(= .21). Raz et al. (1998) found a stron-
(1991). Further, replicating the results of Salthouse, we founder correlation { = —.42) between WCST perseverative
that entering terms for perceptual comparison speed anerrors and a volumetric measure of the prefrontal cortex.
working memory markedly reduced the amount of variancePerhaps the variance in Gf that is explained by a more spe-
in Gf explained by age. The only respect in which these re«ific regional frontal lobe measure, such as the dorsolateral
sults differed from some previous reports involved our fail- prefrontal cortex, would show greater overlap with the vari-
ure to find a relationship between working memory andance attributable to executive functioning.
fluid—spatial ability after removing the variance explained Having found support for both the processing speed and
by comparison speed from both. One possible reason is théitontal-executive theories of cognitive aging, perhaps the
our test of working memory shared an inordinate propor-most important finding of this study was their complemen-
tion of variance with the measure of perceptual comparisonarity. Specifically, an exploratory stepwise multiple regres-
speed. However, in two of three reported studies, Salthoussion analysis revealed that perceptual comparison speed,
(1991) also found that working memory did not explain sig-executive functioning, and frontal lobe volume all made sig-
nificant incremental variance in fluid reasoning after ac-nificant unique contributions to a model that accounted for
counting for the effects of perceptual comparison speednearly 57% of the variance in fluid—spatial intelligence.
suggesting that the latter is primarily responsible for ageBased on theilR? estimates, the processing speed and
related declines in many cognitive abilities (Hertzog, 1989) frontal-executive models each explained significantly less
Several findings also support the frontal-executive theoryariance in Gf (46 and 47%, respectively). The fact that add-
of cognitive aging. For example, both age and executive abiling terms for executive ability and frontal lobe volume only
ity showed significant correlations in the predicted direc-attenuated thbetaweight for processing speed from .58 to
tions with frontal lobe volume, whereas neither correlated.44 suggests that the mechanism(s) by which differences in
significantly with nonfrontal volume. In addition, using the executive ability and frontal volume influence fluid—spatial
Gf Index to measure fluid—spatial intelligence, a series ofintelligence are largely unrelated to decrements in speed.
multiple regression analyses revealed that adding terms for Inshort, ourfindings supportboththe processing speedand
individual differences in executive ability and frontal lobe frontal-executive theories of cognitive aging. More impor-
volume increased the proportion of explained variance irtantly, they demonstrate that neither theory alone yields a
Gf Index scores beyond that attributable to age alone (fronrmodel that accounts for as much variance in fluid—spatial in-
28% to 47%). Adding these terms did not reduce the extelligence as is explained by a model that takes the core pre-
planatory power of age alone to nearly the same extent adictors from each theory into account. These results point to
adding a term for processing speed. Thus, whereas less th#tme need for a unification of the processing speed and frontal—
3% of the variance in Gf Index scores initially accountedexecutive theories of cognitive aging. Any such unifying ac-
for by age effects wasot mediated by perceptual compar- count of the “classic aging pattern” must recognize that
ison speed and working memory, about half of the agewhatever mechanisms link age-related decline in fluid intel-
related variance in Gf Index watmediated by individual ligence to decrements in processing speed, executive ability,
differences in frontal lobe volume and executive ability. Theand frontal lobe volume are at least partly independent. Con-
fact that both executive ability and frontal lobe volume ex- sistent with Salthouse (1996), our data support the inference
plained significant unique variance in the dependent varithatage primarily affects fluid—spatial intelligence indirectly,
able also suggests that their contributions were at least partlyjia its impact on simple processing speed. The data also sug-
nonredundant. This is interesting because differences in exgestthatage affects Fluid—Spatial Ability indirectly viaits im-
ecutive ability often are linked to the functioning of frontal- pactonfrontallobe volume and executive functioning, butthat
striatal brain structures or circuits (Kimberg & Farah, 1993;both of these affect Fluid—Spatial Ability independent of age.
Roberts & Pennington, 1996). Based on their presumed re~inally, the obtained results suggest that much of the vari-
lationship, one might expect executive ability and frontalance in executive ability thatis related to frontal lobe volume
lobe volume to account for overlapping variance in Gf, with appears to be mediated by differences in perceptual compar-
the result that only one would appear to explain significanison speed. Theseinterrelations are depicted belowin Figure 2.
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the younger ones. This could offset secular improvements
enjoyed by the latter, and thereby constrain the age-related
“decline” demonstrated by our cross-sectional sample to a
level that is more characteristic of longitudinal studies.

The second potential basis on which this study might be
criticized was our decision not to correct frontal lobe and
nonfrontal volume for total intracranial volume, height, or
sex. The rationale for such a criticism is that the contribu-
tion of frontal lobe volume to fluid intelligence could sim-
ply reflect individual differences in total brain volume. As
noted earlier, we believe that such corrections are not war-
ranted when the brain structures under study are large. The

, fact that we included measures of nonfrontal brain volume,
e which is nearly twice the volume of the frontal lobes, ar-
~. .- gues against this criticism on rational grounds. The finding
------- that frontal lobe volume showed a larger partial correlation
Fig. 2. An hypothetical model of individual differences in fluid— With fluid intelligence than did nonfrontal volume argues
spatial intelligence. Arrows reflect presumed directions of influ- against it on empirical grounds.
ence. Line thicknesses represent the strength of association betweenBearing in mind that this was a cross-sectional study, and
variable pairs. Dashed lines represent relationships that are markhat individual differences in total brain volume (and per-
edly attenuated by other terms in the model. Thus, as described inaps other brain regions) almost certainly correlate with fluid
the text (and shown in Tables 3 and 5), for example, the relationintelligence, we believe that these findings begin to eluci-
ship between age and f_Iuid—spatiaI intelligence i_s greatly attenugate the elements of a more comprehensive theory of the
ated by controlling for simple perceptual comparison speed.  «qj55sic aging pattern” than previously has been articulated.
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