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Abstract

Measures of brain and hippocampal volume in 40 healthy young (aged 18–30 years) and 36 healthy elderly
(aged 60–83 years) subjects were compared with composite cognitive function scores in three conceptual domains:
memory ability, processing speed, and general fluid intelligence. Through a series of general linear models testing the
relationship between these brain measures and cognitive performance scores, a significant positive relationship between
hippocampal volume and fluid intelligence ability was found in elderly subjects but not in young. No relationship between
the other cognitive domains and brain or hippocampal volume was found. The findings suggest a role of hippocampal
atrophy in the decline in fluid intelligence in the elderly. (JINS, 2011, 17, 56–61)
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INTRODUCTION

As individuals age, their total brain size will grow, peaking
in their mid-twenties, and then decline, dropping sharply by
their mid-sixties (Pfefferbaum et al., 1994). Rates of total
brain atrophy vary among individuals but generally increase
with age and disease and, importantly, have been associated
with age-related losses in cognitive function. Because the brain
does not atrophy uniformly (Sowell et al., 2003), different brain
regions will lose volume at different rates; atrophy-related
loss of cognitive ability may represent the influence of atrophy
in specific brain regions (Sowell et al., 2003). Atrophy of the
hippocampus (HC), a region generally associated with memory
processing, has been identified as a measure related to distinct
declines in cognitive performance in the elderly.

Investigations of direct correlations between age-related
HC atrophy and specific declines in cognitive function have
produced mixed findings (Raz & Rodrigue, 2006). Early
magnetic resonance imaging (MRI) studies reported declines
in memory ability with HC atrophy (de Leon et al., 1997;
Golomb et al., 1993), but a more recent review of MRI studies
reported only weak correlations between HC size and memory
ability in the elderly when considering the extant literature
collectively (Van Petten, 2004). Raz and colleagues (2007)

found an association between HC volume at follow-up over
5 years and lower fluid intelligence ability across a range of
ages, pointing to a possible relationship between age-related
HC atrophy and age-related fluid intelligence declines in the
elderly. But no study, to our knowledge, has investigated
this relationship as a function of age-group, leaving an open
question of whether hippocampal associations with cognition
are due to normal inter-individual differences or due to age-
related atrophy.

The aim of the current study was to investigate the asso-
ciation of brain and hippocampal volume with cognitive
function in the elderly with the goal of resolving the issue of
mixed findings in memory decline correlations as well as the
issue of the relative impact of individual variations in HC
volume and HC volume atrophy on fluid intelligence ability.
We predicted that there would be a positive relationship
between brain and HC volumes and cognitive abilities and that,
importantly, the manner of these relationships would differ as
a function of age group, with low cognitive function only
being associated with low brain and HC volume in the elderly.
Cognitive function was summarized in three ability domains
based on performance on a series of neuropsychological tests.
These domains, memory, speed processing, and general fluid
intelligence ability, represent distinct cognitive functions that
all have been reported to decline with age (Siedlecki et al.,
2009). Based on findings in healthy young and older indivi-
duals, we predicted that HC volume would relate to memory
and fluid intelligence ability but not speed processing.
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METHODS

Participants

The study included 40 healthy young and 36 healthy older
adults. Young participants were recruited through fliers,
internet advertisement, and market mailings and older adults
were recruited through market mailings and from senior day
centers located in Manhattan, New York. Participant demo-
graphics are displayed in Table 1. To be eligible for partici-
pation, all subjects had to speak English, be right-handed, and
have normal or corrected-to-normal vision. All subjects were
screened to ensure the absence of any past or current medical,
neurological, or psychiatric disorders, including dementia, or
treatment with psychoactive drugs. In particular, all subjects
had to score 133 or higher on the Mattis Dementia Rating
Scale (Mattis, 1998) to be included in the study (Lucas et al.,
1998). Informed consent was obtained from all participants in
accordance with the procedures of Columbia University
Medical Center.

Domain Scores

Scores for the three observed domains were generated for
each participant by taking an average of construct-relevant
z-transformed neuropsychological test scores. Test selection
for each construct was based on the results of structural
equation modeling as previously reported (Siedlecki et al.,
2009). To avoid removing possible age effects on perfor-
mance, only raw test scores were used to generate composite
domain scores; however, because analyses were conducted to
explore the relationships between cognitive performance and
brain volume measures within a group, the use of raw versus
age-scaled scores would not necessarily affect the results of
the analyses.

Memory (Z_mem). We assessed memory with three
subscores of the Selective Reminding Test (SRT; Buschke &
Fuld, 1974), which required participants to recall words over
six trials from a list of 12 words read aloud. After each recall
attempt, participants were reminded of the words they failed
to recall. SRT-total refers to the total number of words out of
a possible 72 that the participant recalled across all six trials.
SRT-delayed refers to the correct number of words from the
12 word list that the participant recalled after a 15-min delay.
Finally, SRT-recognition refers to the total number of words
correctly recognized by the participant in a recognition test,
which followed the delayed recall trial, where each of the
12 memorized words is presented, one by one, alongside
three distraction words.

Processing Speed (Z_speed). Processing Speed was
assessed with the Wechsler Adult Intelligence Scale-Revised
(WAIS-R; Wechsler, 1981) Digit Symbol subtest. The Digit
Symbol subtest involves writing symbols that correspond
with single-digit numbers, as provided by a key at the top of
the test form, as quickly as possible.

General fluid intelligence (Z_gF). General fluid intelli-
gence was assessed with the Wechsler Adult Intelligence
Scale-III (WAIS-III; Wechsler, 1997) Letter Number

Sequencing subtest and the Matrix Reasoning Test (Raven,
1962). In the Letter Number Sequencing subtest, intermixed
letters and numbers are read aloud to participants who
must then repeat the presented items back in a specific
sequence of alphabetically increasing letters followed by
numerically increasing numbers. The length of presented
letter-number strings increases with each trial. The Matrix
Reasoning task involves determining which pattern out of a
set of eight possible patterns best completes the missing cell
of a matrix.

Brain Volume Measures

All brain volume measures were generated for each partici-
pant from T1-weighted structural images acquired on a
Philips Electronics 1.5 Tesla (T) Intera MRI scanner
(http://www.medical.philips.com/main/products/mri/systems/
index.wpd) on the day of neuropsychological testing. Whole
brain volume calculation and segmentation was conducted
with SPM5 (Wellcome Department of Cognitive Neurology)
software. Each T1-weighted image was segmented into three
tissue classes (i.e., gray matter, white matter, and cerebro-
spinal fluid) using standardized procedures in SPM 5. Total
intracranial volume was defined as the sum of all three tissue
classes and normalized, or relative, whole brain volume
(nWBV) was defined as the ratio of the sum of gray matter
and white matter to total intracranial volume (Fotenos, Snyder,
Girton, Morris, & Buckner, 2005). Hippocampal identifica-
tion and segmentation was conducted via automated proces-
sing described and validated by Firbank, Barber, Burton, and
O’Brien (2008). Hippocampus volumes were summed and
divided by total intracranial volume to generate a normalized
hippocampus volume (nHippV).

Statistical Analysis

To test the relationship between brain and hippocampal
volumes and cognitive ability in old and young we built a
series of general linear models (GLM) that proceeded in
stages. In the first stage (‘‘full-model’’), two models were
constructed using brain volume measures, nWBV and nHippV,
respectively, as outcome measures. The three composite
cognitive function scores (Z_mem, Z_speed, Z_gF) were
used as predictors, along with age-group, in each model. We
also added interaction terms in each model by multiplying the
group-membership predictor with each of the subject-specific
predictors. Thus, the two full models comprised 7 total pre-
dictors: group, Z_mem, Z_speed, Z_gF, group*Z_mem,
group*Z_speed, and group*Z_gF. Inclusion of these inter-
action terms allowed for formal tests of heterogeneity of the
slope of the relation between the brain volume measures
and cognition as a function of age group. After performing
the full-model analysis, we retained only those covariate
main effects and interaction terms that yielded statistically
significant regression weights. The results of the general
linear model with the reduced set of predictors are reported as
the ‘‘reduced model.’’
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RESULTS

Neuropsychological Measures

Participant demographics and neuropsychological test results
are presented in Table 1. All participants had comparable
levels of education and performed comparably on the DRS.
On the average, the aged performed significantly worse than
the young participants on all other measures.

Analysis of Brain Measures and Cognition

Bivariate correlations between all tested measures are pre-
sented in Table 2. Age showed strong negative correlation
with both normalized brain measures, as well as all of the
tested composite cognition scores.

Analysis of the two full GLM models constructed (one
with nWBV and one with nHippV) yielded two statistically
significant regression weights for the nHippV predicted model
(group and Z_gF by group) and one statistically significant
regression weight for the nWBV predicted model (Z_gF).
Consequently, we generated two reduced models (one with

each brain measure as a predicted outcome) retaining only the
significant effects from the full model (namely group, group by
Z_gF, and Z_gF). The results of all four models are presented
in Table 3. The final, reduced model predicting nHippV found
significant positive relationship between group and nHippV
as well as Z_gF by group with nHippV. A graph of the inter-
action between nHippV and Z_gF by group is presented in
Figure 1. The final, reduced model predicting nWBV found no
significant interactions.

DISCUSSION

Our study found an association between greater HC atrophy
and lower general fluid intelligence (gF) ability in the elderly,
but not in younger adults, suggesting a specific influence of
HC atrophy on the decline of gF functioning that is associated
with advanced aging. Although memory and speed proces-
sing ability decreased with increasing age in our study group,
their relationship with normalized hippocampal volume was
not significant. There was also no significant direct association
between rates of total brain atrophy and reduced cognitive
abilities in any of the tested domains.

General fluid intelligence refers to logical reasoning
ability: it is the mental process underlying novel problem
solving and the ability to understand complex relationships
between items or events (Gary, Chabris, & Braver, 2003;
Yuan, Steedle, Shavelson, Alonzo, & Oppezo, 2006). gF is
partly heritable and decreases with age, and as a multifaceted
mental process it is likely mediated by multiple brain regions
(Gong et al., 2005). Functional neuroimaging studies in healthy

Table 2. Correlations between brain volume measures, group, and
cognitive performance scores

Parameter Age nWBV nHippV Z_Memory Z_Speed Z_gF

Age — 2.835** 2.535** 2.615** 2.626** 2.627**
nWBV — .655** .560** .512** .591**
nHippV — .383** .379** .474**
Z_Memory — .539** .580**
Z_Speed — .591**
Z_gF —

Note. Values are standardized regression coefficients (i.e., b).
*p , 0.05; **p , 0.01.

Table 3. General linear models predicting the two brain volume
measures, nWBV and nHippV

Parameter Full Reduced

nWBV
Group .114** .160**
Z_Memory .002 —
Z_Speed .001 —
Z_gF .009* .008
Group* Z_Memory .008 —
Group* Z_Speed .001 —
Group* Z_gF .005 —
nHippV
Group .011** 0.11**
Z_Memory .000 —
Z_Speed .000 —
Z_gF .005 —
Group* Z_Memory .001 —
Group* Z_Speed .000 —
Group* Z_gF .011** .019**

Note. Values are standardized regression coefficients (i.e., b). The ‘‘full’’
model includes all covariates and interactions. The ‘‘reduced’’ model drops
all nonsignificant interactions and covariates. All probabilities determined
nonparametrically via the method of permutations (see Methods section for
details).
*p , .05; **p , .01.

Table 1. Participant demographics and neuropsychological test
results

Parameter Elder Young

Age range 60–83 18–30
Age* 70.2 6 6.5 24.0 6 3.2
Education 16.1 6 2.5 15.5 6 2.5
DRS 140.1 6 3.7 141.9 6 2.0
SRT_tot* 50.08 6 9.06 60.20 6 5.48
SRT_delayed recall* 8.50 6 2.27 11.0 6 1.24
SRT_delayed recog 11.25 6 2.22 11.73 6 1.74
Digit Symbol* 49.36 6 11.71 65.53 6 11.32
Letter Number Sequencing* 10.97 6 3.16 14.40 6 3.20
Matrix Reasoning* 13.61 6 5.58 21.05 6 4.06
Z_Memory* -0.58 6 0.68 0.22 6 0.41
Z_Processing Speed* -0.91 6 0.80 0.24 6 0.80
Z_gF* 0.66 6 0.87 0.47 6 0.66

Note. Values for age, education, neuropsych tests, Z_Memory, Z_Processing
Speed, Z_Gf, and DRS are the mean 6 standard deviation. Education is
measured in years.
*5p , .05 for t test comparing aged and young.
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young individuals have implicated brain regions associated with
working memory, processing speed, and executive control
functions in gF processing. A majority of imaging studies point
to activity in the medial and lateral prefrontal cortex (PFC) as
being related to gF processing (Gary et al., 2003; Gong et al.,
2005; Kane & Engle, 2002; Thompson et al., 2001).

That HC atrophy should relate to losses in gF ability in the
elderly specifically may seem unexpected, given the HC’s
accepted role as a memory processing hub (and the lack of
associations found between HC volume and gF ability in the
young). However, Raz and colleagues (2007) found a corre-
lation between gF ability and HC size in healthy adults,
and the HC in general has been implicated in some of the
processes underlying logical reasoning. Specifically, select
areas of the HC are used in the spatial organization of
memory events and, therefore, in the formation of relation-
ships between memorized items (Goel, Makale, & Grafman,
2004; Preston, Shrager, Dudukovic, & Gabrieli, 2004; Rapp,
2004). The organization of events and items is a fundamental
step in logical reasoning, as the perception of patterns and
relationships can only occur within an understood context
of order. Should the spatial organizing capabilities of the
HC decline as a result of atrophy, it holds that overall gF
functioning will similarly decline, as was witnessed in the
elder age group. Indeed, in a study examining the information
processing capabilities of the HC, Buckmaster, Eichenbaum,

Amaral, Suzuki, and Rapp (2004) found that monkeys with
entorinal cortex (i.e., HC) lesions had greatly reduced capacity,
compared to normal monkeys, for relational information
processing, losing their ability, in this case, for making
judgments about the relationships between familiar items.

Another possible explanation for the impact of HC atrophy
on gF ability in the elder group involves the role that the HC
may play in supporting executive control (EC) processes in
the elderly. Areas related to EC processes (notably in the
PFC) have been implicated in gF ability in the young (Gary
et al., 2003), but in a test of age-related differences in gF
ability in healthy older adults, Schretlen et al. (2000) found
that EC ability accounted for some of the variance in adult gF
ability independently of PFC volume or of ability in shared
processes that underlie both gF and EC (such as speed pro-
cessing). This finding could indicate that either age-related
decreases in EC processing contribute directly to decreases in
gF processing in the elderly or that decreases in EC and gF
ability are the result of decreases in a shared third factor,
such as another mental process or a non-PFC brain region.
Schretlen and colleagues did not implicate any specific brain
regions in this PFC-independent EC processing but our cur-
rent findings, and studies that have found HC atrophy to be
associated with executive function loss in the elderly and ill,
indicate that the HC could potentially represent this non-PFC
brain region (Frodl et al., 2006; Van Petten, Plante, Davidson,
Bajuscak, & Glisky, 2004). Further studies exploring the
relationship between HC atrophy and EC ability on gF ability
in the elderly will be necessary to identity the exact impacts
of these different measures.

Our measure of HC atrophy (total HC volume at time
of testing normalized to total intracranial volume) is cross-
sectional and derived from the strong relationship found
between increasing age and decreasing HC volume in our
elderly participants. Because HC volume decreases with
increasing age in our older group but not our younger group,
we can conclude that these volumetric differences are age-
related. Furthermore, we can be confident that the association
between HC volume and gF ability was the result of age-
related atrophy, and not simply individual variation in HC
size, because the same association was absent in the younger
group, who, although lacking age-related atrophy, never-
theless evidenced considerable but normal variation in HC
volume. Although cross-sectional brain atrophy measures
cannot match the power of longitudinal study designs, recent
studies have found good correlation between cross-sectional
and longitudinal measures of brain atrophy, with cross-
sectional measures, if anything, generally underestimating
total atrophy (Raz et al., 2005).

A surprising finding in our analysis was the lack of a
relationship between HC atrophy and memory function in the
elderly. We predicted that age-related declines in memory
ability would be associated with age-related atrophy, either of
the total brain or the HC, such as we witnessed with gF
ability. Although memory ability declined with age, there
was no evidence for HC atrophy influencing age-related
memory decline. There may be many explanations for this

Fig. 1. Scatter plot of the interaction between nHippV and Z_gF as
a function of age group, including fitted regression lines. Elders in
our study group (darker line) evidenced increased gF performance
with greater hippocampal volume. Young participants evidenced no
similar associations.
Note. The removal of the outlier does not significantly alter the slope
of the fitted line in the elder group.
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finding, but perhaps the best explanation lies in a consideration
of our participant-eligibility screening methods. Our study
subjects were heavily screened for disorders of cognitive
impairment (e.g., Alzheimer’s disease; AD), which are diag-
nosed primarily through tests of memory ability. Subjects
with low memory ability were, by nature of this exclusion,
necessarily exempted from the study, effectively truncating the
range of possible HC atrophy effect witnessed in the study
population. Because there is a strong relationship between HC
atrophy and the severity of degenerative disorders (Chetelat
& Baron, 2003; de Leon et al., 1997), we might have seen a
significant relationship between HC atrophy and memory
decline were individuals meeting formal criteria for mild
cognitive impairment or AD patients included in the study.
Conversely, we implemented no screening process that
would have selected specifically against low gF ability in our
study population. Of additional importance, because the
SRT-recognition test may consider a different aspect of
memory function than the SRT-total or the SRT-recall test,
we reran the main analysis with SRT-recognition dropped
from the memory domain construct. Results of the analysis
run with this reduced memory construct were not sig-
nificantly different from those generated in the initial analysis
with the full memory construct.

Given that HC atrophy appears to be related to gF ability in
the elderly, a reasonable course for future studies would involve
further exploration of the mechanisms of gF decline through
advanced structural and functional neuroimaging of the HC
using techniques not used in this current study. Diverse imaging
techniques, such as arterial spin labeling and diffusion tensor
imaging would indicate the manner of structural changes that
underpin gF loss with HC atrophy. Additionally, comparative
functional imaging of young and elderly patients performing
logical reasoning tasks could reveal possible age or atrophy-
related functional network changes; inclusion of executive
function tasks in these studies could also identify the individual
impacts of EC ability and HC atrophy on gF decline in the
elderly. In this study, we only considered individuals in two
discrete age strata. Future studies should address the impact of
atrophy on cognition across a more diverse age-range, including
middle-aged (40–60 years) individuals. Understanding the
neural mechanisms of fluid intelligence decline in the elderly is
a crucial first step in the eventual development of effective
cognitive decline interventions.
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