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Abstract

Poor memory ability and small hippocampal volume measurements in magnetic resonance images co-occur in neurological patients.
Numerous studies have examined the relationship between memory performance and hippocampal volumes in participants without neuro-
logical or psychiatric disorders, with widely varying results. Three hypotheses about volume–memory relationships in the normal human
brain are discussed: “bigger is always better”, a neuropsychological view that volume decreases due to normal aging are accompanied
by memory decline, and a developmental perspective that regressive events in development may result in negative correlations between
hippocampal volume and memory ability. Meta-analysis of results from 33 studies led to little support for the bigger-is-better hypothesis.
A negative relationship between hippocampal volume and memory (smaller is better) was significant for studies with children, adolescents,
and young adults. For studies with older adults, the most striking observation was extreme variability: the evidence for a positive relationship
between hippocampal size and episodic memory ability in older adults was surprisingly weak. Some of the variability in results from older
adults was associated with statistical methods of normalizing for age and head size, which are discussed.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Most, if not all, of the cerebral cortex is likely to sub-
serve the learning and retrieval of facts and events, with
the engagement of specific regions dependent on the nature
of the material learned (seeDamasio, 1989; McClelland,
McNaughton, & O’Reilly, 1995for theoretical accounts,
and Köhler, Moscovitch, Wincocur, Houle, & McIntosh,
1998; Nyberg, Habib, McIntosh, & Tulving, 2000; Senkfor,
Van Petten, & Kutas, 2002; Wheeler, Peterson, & Buckner,
2000 for empirical reports). Despite general acceptance
of the idea that memory is not localized to one neural
structure, there is overwhelming evidence that the medial
temporal lobe (MTL) plays a central role in episodic mem-
ory for diverse material, via its interactions with distributed
cortical regions (Scoville & Milner, 1957). The MTL con-
sists of multiple cortical areas, including the hippocampal
formation, surrounding entorhinal, perirhinal, and posterior
parahippocampal regions within the parahippocampal gyrus
in humans, and part of the temporal pole (Insausti, Insausti,
Sobreviela, Salina, & Martı́nez-Peñuela, 1998; Insausti,

∗ Fax: +1-520-621-9306.
E-mail address: vanpettc@u.arizona.edu (C. Van Petten).

Juottonen, et al., 1998). Although many cases of human
domain-general amnesia have damage to multiple regions of
the medial temporal lobe, or to the diencephalon (Aggleton
& Brown, 1999; Brown & Aggleton, 2001; Mayes, 2000;
Smith & Bigel, 2000), lesions restricted to the hippocampus
alone result in memory deficits in both humans and non-
human primates (Rempel-Clower, Zola, Squire, & Amaral,
1996; Zola & Squire, 2000). The latter conclusion was drawn
from postmortem examination of the affected brains, but the
availability of high-resolution magnetic resonance images
has led to a more widespread research effort to tie hippocam-
pal pathology to memory impairment over the last decade.

MR scans are used to identify and/or confirm the location
of damage after a frank neural insult such as stroke, hypoxia,
or closed head injury. But an additional advantage of a non-
invasive method is the possibility of identifying subtle neu-
ral damage when the insult is not as obvious. Recent studies
have examined hippocampal volumes in individuals with
childhood seizures, posttraumatic stress disorder, borderline
personality disorder, depression, high risk of schizophrenia
due to affected relatives, an ApoE-4 allele, and high estro-
gen levels (Bremner et al., 1995; Cohen, Small, Lalonde,
Friz, & Sunderland, 2001; den Heijer et al., 2003; Driessen
et al., 2000; Fennema-Notestine, Stein, Kennedy, Archibald,
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& Jernigan, 2002; Lawson et al., 2000; O’Driscoll et al.,
2001; Plassman et al., 1997; Seidman et al., 2002; Sheline,
Sanghavi, Mintun, & Gado, 1999; Simpson, Baldwin,
Burns, & Jackson, 2001; Stein, Koverola, Hanna, Rochia,
& McClarty, 1997; VanLandingham, Heinz, Cavazoa, &
Lewis, 1998). Particularly strong attention has focused on
the possibility of detecting Alzheimer’s disease before its
clinical onset, when interventions might be more effective
(seeChetelat & Baron, 2003; Kantarci et al., 2002; Wolf
et al., 2003for recent reviews).

Some clinical investigations have included measures of
memory performance in additional to MR measures. When
pathology is clearly present, these studies have largely suc-
ceeded in demonstrating quantitative relationships between
hippocampal volumes and memory. Positive correlations
between hippocampal volume and memory performance
have been frequently reported in Alzheimer’s patients, for
instance, as well as in other varieties of dementia, and
in amnesic patients of mixed etiology (Barber, McKeith,
Ballard, Gholkar, & O’Brien, 2001; Cahn et al., 1998; de
Toledo-Morrell et al., 2000; Deweer et al., 1995; Jernigan,
Ostergaard, & Fennema-Notestine, 2001; Köhler, Black,
et al., 1998; Kopelman et al., 2001; Mizuno, Wakai, Takeda,
& Sobue, 2000; Mungas et al., 2002; Petersen et al., 2000;
Wilson et al., 1996). Such correlations have also been ob-
served in samples for which memory performance is at
the borderline of clinical impairment, and a pathological
process is suspected, as in older adults with mild cognitive
impairment (Jack et al., 2000; Soininen et al., 1994).1

These clinical studies, and the expanding application of
MR volumetry to diverse populations, raise a fundamen-
tal question: what is the relationship between hippocam-
pal volume and memory ability in the normal brain? Given
that the measured size of hippocampi varies a good deal
across healthy individuals, and memory abilities also vary,
is there a detectable structure–function relationship? When
this question is posed bluntly, the response of many cog-
nitive neuroscientists is likely to be “no”, in part because
macroscopic size is the crudest of neurobiological metrics,
and in part because the question elicits memories of the
failures of phrenology a century ago. In response, it might
be argued that the cognitive psychology of the 21st cen-
tury is more sophisticated than what the phrenologists had
to work with, so that it may be more plausible to imagine
size/function relationships for “episodic memory” than for
the various “faculties” proposed by Gall and Spurzheim (but
seeUttal, 2001for a thoughtful and critical discussion of
the history and current status of cognitive taxonomies and

1 It is important to note that in at least a majority of these studies,
the positive correlations between hippocampal volume and memory per-
formance were observed in analyses of the patient group alone, so that
the results reflect more than a simple co-occurrence of smaller volumes
and memory impairments in the patients as compared to controls (e.g.,
Barber et al., 2001; Cahn et al., 1998; de Toledo-Morrell et al., 2000;
Köhler, Black, et al., 1998a; Kopelman et al., 2001; Laakso et al., 2000;
Soininen et al., 1994).

the limits of localization). More to the point, a survey of the
literature indicates that a modern exercise in searching for
size/function relationships is already underway. Numerous
recent studies report significant correlations between hip-
pocampal volumes and memory across individuals without
a neurological or psychiatric diagnosis. However, numerous
studies have also failed to find such relationships; these null
results are less frequently cited, perhaps because they often
occur in brief descriptions of results from a control group
and are overshadowed by results from a patient group.

The discrepancy among published reports may result from
random variability around a mean of zero correlation. Al-
ternatively, both significant and null results across studies
could arise from a subtle but genuine relationship. By anal-
ogy, the impact on cognitive function of white matter hy-
perintensities (WMH) observed in MR images from healthy
older adults on cognitive function was subject to debate for
some time, as the first several studies variously reported
a negative relationship with cognitive performance (Rao,
Mittenberg, Bernardin, Haughton, & Leo, 1989; Schmidt
et al., 1991), or no detectable relationship (Hunt et al., 1989;
Mirsen et al., 1991; Tupler, Coffey, Logue, Djang, & Fagan,
1992). In that case, pooling results from multiple studies to
obtain a larger combinedN was successful in demonstrating
a moderate negative impact of WMHs on cognitive perfor-
mance (Gunning-Dixon & Raz, 2000). The present paper
evaluates whether pooling results from multiple studies in
a meta-analysis will similarly show a relationship between
hippocampal volumes and memory ability. Below, I first de-
scribe alternative hypotheses about this relationship, which
guide the subsequent analyses.

2. Three perspectives on hippocampal size and memory
ability in healthy subjects

2.1. Bigger is better

Three general hypotheses about the possible relationship
between hippocampal volume and memory ability can be
imagined. The first and simplest is thebigger is better (BIB)
hypothesis, that regardless of the causal factors underlying
the size of a structure, a larger structure should result in
stronger function. This hypothesis seems to be implicit in
some reports, but the investigators who have explicitly con-
sidered the BIB hypothesis have rejected it, because they
observed significant negative correlations (smaller is better)
between hippocampal volumes and memory performance in
healthy young adults (Chant̂ome et al., 1999; Foster et al.,
1999).

2.2. A neuropsychological perspective that includes aging

The second hypothesis can be called theneuropsycholog-
ical perspective: that any normal size structure will support
normal function, but that loss of tissue will lead to a decline
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in function. This perspective is strongly supported by posi-
tive correlations between hippocampal volume and memory
performance in patients for whom the tissue loss is almost
certainly due to pathology, and clinical memory impairment
is evident, as noted above.

The challenge for the neuropsychological perspective lies
in its treatment of normal aging. Some investigators have
argued that even normal aging consists of a progressive loss
of neural tissue, and an accompanying relentless decline
in cognitive abilities (Terry & Katzman, 2001). In the ab-
sence of known pathology, there is general agreement that
whole-brain weight (from postmortem examination) and
volume (from MR studies) are lower in older adults than
younger adults (Courchesne et al., 2000; Good et al., 2001;
Jernigan et al., 2001; Mueller et al., 1998; Pfefferbaum et
al., 1994; Resnick, Pham, Kraut, Zonderman, & Davatzikos,
2003; seeCoffey, 2000; Kemper, 1994; Powers, 2000; Raz,
2000 for reviews). The hippocampus is not spared from
this general shrinkage. Estimates of age-related volume
loss in this structure vary widely across studies, but nearly
all report negative correlations between age and volume.
In a fairly recent review,Raz (2000)estimated a median
effect size ofr = −0.30 across fifteen studies examining
hippocampal volumes across the adult age range (ranging
from −0.03 to−0.63). Studies not included in that review
report correlations between age and hippocampal volume
as nonsignificant (Gur et al., 2000), −0.08 (Hackert et al.,
2002; Sheline et al., 1999), −0.24 (Van Petten et al., 2004),
−0.35 (Tisserand, Visser, van Boxtel, & Jolles, 2000),
−0.52 (Raz, Rodrigue, Head, Kennedy, & Acker, 2004),
and −0.80 (Woodruff-Pak, Goldenberg, Downey-Lamb,
Boyko, & Lemieux, 2000). (Discussion of the variability of
these results is postponed forSection 5.)

If age-related shrinkage of the hippocampus is included
within the neuropsychological perspective, we might expect
to find positive correlations between hippocampal volume
and memory performance in older participants, but per-
haps not in younger participants, as in one report (Raz,
Gunning-Dixon, Head, Dupuis, & Acker, 1998). If the neu-
ropsychological perspective is extended to include normal
aging, the second challenge will be to define when “aging”
begins. In cross-sectional studies with a broad range of
adult ages (twenties through eighties), a linear function is
usually fitted to the age–volume relationship (Raz et al.,
1997; Tisserand et al., 2000). In at least one recent report,
decline in hippocampal size was precipitious across a fairly
young adult age range of 18–42 years, at least in men
(1.5% per year,r = −0.46, Pruessner, Collins, Pruessner,
& Evans, 2001). In a different study of normal participants
in their twenties, a repeated scan after a 2-year interval
yielded measurements of the hippocampus plus amygdala
that were 3.5% lower than the initial scan, although the sta-
tistical significance of this reduction was not noted (Lawrie
et al., 2002). A second longitudinal study reports a signif-
icant volume loss of some 13% over an interval of about
2.5 years, for both men and women in their late twenties

and early thirties (Lieberman et al., 2001). Finally, a third
longitudinal study with repeated scans after a 5-year inter-
val estimates 0.51% annual loss in participants under age
50 years, and 1.18% annual decline in hippocampal volume
for those over age 50 years (Raz, Rodrigue, et al., 2004).
Overall, existing data suggest that shrinking hippocampi
may be a fact of adult life rather than senescence alone.

Although the apparently early onset of hippocampal
shrinkage is startling, the time frame is not incompatible
with recent estimates of the decline of episodic memory
ability across the adult lifespan. From a cross-sectional
sample of 345 participants aged 20–92 years,Park et al.
(2002) report that both verbal and visuospatial long-term
memory performance decline in a perfectly linear fashion
from decade to decade. From a meta-analysis of studies in-
cluding some 2700 participants,Verhaeghen and Salthouse
(1997)instead conclude that age-related decline in episodic
memory accelerates after age 50 years, yet still report a
substantial decline in the 20–50-year age range.

The apparent parallel between declining hippocampal
volumes and declining memory abilities across the adult
lifespan argues for the inclusion of normal aging into the
neuropsychological perspective on hippocampal volume
loss and episodic memory. If we accept this conclusion, the
prediction is that MR studies that include subjects older
than some age at which both hippocampal volume loss and
memory decline can be detected should also report signif-
icant positive correlations between volume and memory.
The appropriate definition of “some age” will turn on prac-
tical factors that limit the power of any given study, such
as sample size, the precision of the volume measurements,
and the sensitivity of the memory tests administered. One
advantage of a meta-analysis is that we can examine a pre-
diction that is less vulnerable to limitations of sample size
(at least): that correlations between hippocampal volume
and memory should become increasingly positive as the
age of the sample increases.

2.3. A developmental perspective

The third possible hypothesis about volume–memory re-
lationships arises from adevelopmental perspective, and has
received less attention in the literature than has aging. This
perspective emphasizes the parallel between loss of cortical
gray matter and improvement in cognitive abilities during
childhood and adolescence. Although the whole brain may
not reach its maximum size before the age of 15 years or
so, cortical gray matter volumes (both absolute and as a
proportion of whole brain) begin to decline in childhood
or early adolescence, while white matter volumes increase.
From repeated scans,Giedd, Blumenthal, et al. (1999)es-
timate that the gray matter decline begins by age 11 years
in the frontal and parietal lobes, but not until about age
17 years in the temporal lobe. Other investigators estimate
a somewhat earlier onset for gray matter decline, around
age 9 years (Courchesne et al., 2000; Pfefferbaum et al.,
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1994; Sowell, Trauner, Gamst, & Jernigan, 2002). The
developmental decrease in gray matter measured in MR
images has been attributed to regressive events observed in
microanatomical investigations of both human and animal
brains, which include loss of neurons, axonal branches, and
synapses that are not adequately supported by functional
use (i.e., pruning, as described inCowan, Fawcett, O’Leary,
& Stanfield, 1984; Huttenlocher, 1993; Rakic, Bourgeois,
Eckenhoff, Zecevic, & Goldman-Rakic, 1986).

In contrast to the growth curves for whole-cortex or lobar
gray matter, developmental studies using both postmortem
and MR measures suggest that the hippocampus may reach
maximum size by the age of 2 or 3 years, and show little ab-
solute change (or a small increase) in the age range of
4–18 years (Giedd et al., 1996; Giedd, Jeffries, et al.
1999; Klekamp, Riedel, Harper, & Kretschmann, 1991;
Kretschmann, Kammradt, Krauthausen, & Wingert, 1986;
Pfluger et al., 1999; Utsunomiya, Takano, Okazaki, & Mis-
tudome, 1999; Yurgelun-Todd, Killgore, & Cintron, 2003).2

But because whole brain volume continues to increase until
12–15 years of age, the hippocampus and medial temporal
lobe occupy a declining percentage of the brain across child-
hood development (Sowell et al., 2002; Utsunomiya et al.,
1999). The prediction of the developmental perspective is
thus that improvement in memory performance after age 3
years will be accompanied by decreasing hippocampal vol-
umes, at least when those are expressed as a proportion of
brain volume. The predicted correlations between volume
and memory performance will be negative in direction.

Only two studies have explicitly addressed the de-
velopmental prediction above. For the 7–16 years age
range, Sowell, Delis, Stiles, and Jernigan (2001)found
the predicted negative relationship between memory per-
formance and a medial temporal volume that included the
hippocampus and parahippocampal gyrus. For a measure
restricted to the hippocampal formation in 12–17 year
olds,Yurgelun-Todd et al. (2003)reported a nonsignificant
negative correlation.

2.4. Relationships among the three hypotheses

Because of its simplicity, the “bigger is better” hypoth-
esis is incompatible with both the neuropsychological and

2 Utsunomiya et al. (1999)reports a steep increase in hippocampal
volume up to age 2 years, followed by a small gradual increase from age
2 to 13 years.Pfluger et al. (1999)show the same steep increase to about
3 years, then a flat function to age 15. In a sample of 4–18 year olds,
Giedd et al. (1996)reports significant growth for the left hippocampus in
girls, but no significant trend for the right hippocampus in girls, or either
hippocampi in boys. In the 13–18-year age range, with repeated scans,
Giedd, Blumenthal, et al. (1999a)report no change, as doesYurgelun-Todd
et al. (2003)in a cross-sectional sample of 12–17 year olds. For a medial
temporal region including the hippocampus, parahippocampal gyrus, uncal
cortex, and amygdala,Sowell et al. (2002)report a nonsignificant decrease
across the 7–16-year age range. Two postmortem studies estimate that
maximum adult volume is reached at 2–3 years of age with no change
thereafter (Klekamp et al., 1991; Kretschmann et al., 1986).

developmental perspectives as outlined above. BIB theory
predicts a linear relationship between hippocampal volume
and memory ability regardless of whether tissue has been
lost (the central tenet of the neuropsychological perspec-
tive), and independent of the changing relationship between
hippocampal and brain volume across development (a core
part of the developmental hypothesis). In contrast, the neu-
ropsychological and developmental perspectives need not
be orthogonal, in that different relationships between hip-
pocampal volume and memory could obtain during different
parts of the lifespan when the hippocampus is growing,
stable, or declining in size. Combining the aging neuropsy-
chological and developmental views is, however, nontrivial.
Just as including aging in the neuropsychological perspec-
tive requires a definition of when aging begins, the devel-
opmental perspective will require some definition of when
development (or the consequences of development) ends.

Below, the available evidence for the three hypotheses is
evaluated, by quantitative examination of studies reporting
relationships between hippocampal volumes and memory
performance in participants with no known neuropathology
or diagnosed memory disorder.

3. Methods

3.1. Search and inclusion criteria

Papers reporting relationships between hippocampal vol-
umes and memory measures were located by a search of the
Medline and PsycLit databases using the keyword combina-
tion (hippocampus OR hippocampal OR medial temporal)
AND (memory OR recognition OR recall OR neuropsycho-
logical) AND (volume OR volumetric OR atrophy), and by
examining the references of those papers. Results were in-
cluded when they met all of the following criteria: (1) pub-
lication in English; (2) participants without a neurological
or psychiatric diagnosis; (3) quantitative measures of hip-
pocampal volumes (atrophy scores from visual ratings were
excluded); (4) quantitative measures of recall or recognition
from long-term memory (working memory measures were
excluded); and (5) report of statistical relationships between
volume and memory measures for the healthy participants
separate from those of any patient group.3 Thirty-three
published papers met these criteria, listed inTable 1.

Across studies, the total number of subjects was 1880.
For 11 of the studies, the healthy participants were controls
for a patient group.Table 1shows that five studies included

3 One recent paper included demented participants, a cognitively nor-
mal group, and a group meeting criteria for mild cognitive impairment
(MCI). Scatterplot figures in this paper suggest little relationship between
hippocampal volume and memory performance within the cognitively nor-
mal group (Wolf et al., in press). However, correlations were not reported
for the cognitively normal subjects separate from those with MCI (these
were collapsed into a “nondemented” group), so that the results were not
included in the meta-analysis.
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Table 1
Papers included in the meta-analysis of hippocampal volumes and long-term memory tests in healthy subjects

Study (notes) N Mean age (range) Normalization Memory tests (number in composite) Correlation

Golomb et al. (1994) 54 69.0 (55–87) Residual after cranial vault and age Immediate recall composite (6) 0.10
Delayed recall composite (6) 0.46*

Sullivan et al. (1995) 72 43.9 (21–70) Residual after cranial vault Immediate verbal recall 0.255*
Delayed verbal recall 0.18
Immediate nonverbal recall −0.19
Delayed nonverbal recall −0.255*

Torres et al. (1997)a 19 29.2 (S.D. 8.5) Residual after height Delayed recall composite (3) ns

Cahn et al. (1998) 20 68.4 (S.D. 5.4) Residual after cranial vault and age Warrington recognition memory for words ns
Warrington recognition memory for faces ns

Köhler, Black, et al. (1998) 26 70.8 (S.D. 6.3) None CVLT, immediate recall −0.39*
CVLT, delayed recall −0.55*
WMS-R, Visual Reproduction 1 −0.13
WMS-R, Visual Reproduction 2 −0.11

Lupien et al. (1998)b 9 73.9 (S.D. 5.6) Divide by cranial vault Delayed recall of line drawings 0.55*

Raz et al. (1998)c 95 44.0 (18–77) Residual after height Verbal memory composite (5) 0.13
Nonverbal memory composite (2) 0.11

MacKay et al. (1998)a 11 21.7 (college) Divide by hemisphere Face recognition −0.07

MacKay et al. (1998)a 18 21.7 (college) Divide by hemisphere Face recognition 0.015

Reiman et al. (1998) 33 nr (50–62) Divide by cranial vault Rey AVLT, delayed recall 0.38*

Chant̂ome et al. (1999) 70 24.5 (18–31) Divide by brain volume Stem-cued recall −0.26*

Foster et al. (1999)a 18 19.8 (18–30) Divide by hemisphere Delayed story recall −0.45*

Visser et al. (1999) 18 76.8 (S.D. 4.0) Residual after cranial vault CAMCOG memory score ns

de Toledo-Morrell et al. (2000) 30 72.4 (64–84) Divide by cranial vault Verbal recall ns
Delayed verbal recall ns
Spatial recall ns
Delayed spatial recall ns

Gur et al. (2000) 110 26.1 (18–45) Residual after cranial vault Verbal memory composite (3) 0.15
Nonverbal memory composite (2) 0.36*

Laakso et al. (2000) 34 72.0 (64–79) Residual after cranial vault Russell Visual Reproduction Test ns

Petersen et al. (2000) 126 79.1 (nr) Residual after cranial vault WMS-R, Logical Memory (2) ns
WMS-R, Visual Reproduction (2) ns
Rey AVLT ns
Buschke Selective Reminding (3) ns

Tisserand et al. (2000) 61 55.7 (21–81) Residual after cranial vault, sex,
education

Word list immediate recall 0.00
Word list delayed recall 0.00

Woodruff-Pak et al. (2000) 7 82.5 (S.D. 5.8) Divide by cranial vault Buschke Selective Reminding, delayed recall 0.53

Cohen et al. (2001) 25 57.0 (S.D. 8) None WMS-R indexes (5) −0.02
Buschke Selective Reminding (3) Rey figure
recall

mean of all tests,
range−0.25 to 0.20

O’Driscoll et al. (2001)d 14 35.4 (S.D. 8.8) Residual after sex. Memory residual
after sex, SES, IQ

WMS-R, Logical memory 1 ns
WMS-R, Logical memory 2 0.56 (Spearman)

Sowell et al. (2001)b,c 35 11.9 (7–16) Residual after brain volume CVLT, delayed free recall, −0.22*
Rey–Osterrieth, delayed recall −0.53*
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Table 1 (Continued )

Study (notes) N Mean age (range) Normalization Memory tests (number in composite) Correlation

Hackert et al. (2002) 511 73.0 (60–90) Residual after cranial vault and age Word list immediate recall 0.12*
Word list delayed recall 0.14*

MacLullich et al. (2002)e 95 nr (65–70) Residual after cranial vault Benton Visual Retention ns
WMS-R, Visual Reproduction (2) ns
Rey AVLT ns
WMS-R, Logical Memory (2) ns

Marquis et al. (2002) 60 83.2 (S.D. 7.9) None WMS-R, Logical Memory 2 ns

Sanfilipo et al. (2002) 27 35.7 (S.D. 8.7) Residual after cranial vault and age Buschke-Selective Reminding (4) −0.30
WMS-R, Visual Reproduction (2) ns

Seidman et al. (2002) 47 40.1 (20–68) None WMS-R, Logical Memory 1 0.27
WMS-R, Logical Memory 2 0.26

Convit et al. (2003) 30 68.6 (53–89) Divide by cranial vault. Memory
residual after age and MMSE

WMS-R, Logical Memory 1 nr

WMS-R, Logical Memory 2 0.49*

Maguire et al. (2003) 26 25.8 (18–56) Residual after age Environmental scene recognition ns
AMIPB, delayed story recall ns

Yurgelun-Todd et al. (2003) 37 14.6 (12–17) Divide by brain volume WAIS, Digit-Symbol delayed recall −0.125

Driscoll et al. (2003)f 16 26.1 (20–39) None Virtual Morris water maze 0.44*
16 77.6 (60–85) Transverse patterning discrimination 0.44*

Rosen et al. (2003)a 14 69.5 (all elderly) Divide by cranial vault Paragraph recall, immediate 0.515*
Paragraph recall, delayed 0.485
Word list recall, immediate 0.315
Word list recall, delayed 0.195

Rodrigue & Raz (2004) 48 57.6 (26–82) Residual after cranial vault Associative memory, immediate (2) 0.33*
Associative memory, delayed (2) ns
Free recall, immediate (2) ns
WMS-R, Logical Memory 2 ns

Van Petten et al. (2004)a,g 48 73.2 (65–85) Residual after cranial vault CVLT, long delay cued recall −0.18
WMS-3, Logical Memory 1 −0.14
WMS-3, Logical Memory 2 −0.11
WMS-3, Verbal Paired Associates 1 −0.09
WMS-3, Verbal Paired Associates 2 −0.16
WMS-R, Visual Paired Associates 1 −0.21
WMS-R, Visual Paired Associates 2 −0.11
WMS-3, Face Recognition 1 0.21

Note: Correlations significant in original reports marked with *; “ns” means that relationships were reported only as nonsignificant; “nr” means “not reported”. Correlations are Pearson unless noted. Age ranges of the sample are
noted when available, otherwise the standard deviation (S.D.) of the mean age. Tests are combined in the manner reported by the original authors, withnumber of tests within a composite measure in parentheses. For tests with
both an immediate and a delayed version, “(2)” means that both immediate and delayed versions were administered. Note that only tests of long term memory are listed here; original reports may include additional tests. AMIPB:
Adult Memory and Information Processing Battery; CAMCOG: cognitive portion of the Cambridge Examination of Mental Disorders of the Elderly; CVLT: California Verbal Learning Test; Rey AVLT: Rey Auditory–Verbal
Learning Test; MMSE: Mini-Mental State Exam; WAIS: Wechsler Adult Intelligence Scale; WMS-R: Wechsler Memory Scale, Revised; WMS-3: Wechsler Memory Scale 3. Many studies use experimenter-designed memory tests
and/or composite measures based on multiple neuropsychological tests, see original papers for details.

a Participants selected from a larger sample as having high or low memory performance.
b Delayed recall measure corrected for immediate recall by subtraction or regression.
c Combined measure of hippocampus and parahippocampal gyrus.
d Combined measure of anterior hippocampus and amygdala.
e Significant positive correlations before normalization for intracranial vault size.
f Significant positive correlations also reported for unspecifed method of normalizing for cranial vault size.
g Original report included correlations between raw hippocampal volumes and memory performance, and partial correlations after regressing on cranial vault size and age. Correlations here are normalized only for cranial vault size.
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only children, adolescents, or young adults, withN = 189
(Chant̂ome et al., 1999; Foster et al., 1999; MacKay et al.,
1998; Sowell et al., 2001; Yurgelun-Todd et al., 2003); 17 in-
cluded only older adults, withN = 1140 (Cahn et al., 1998;
Cohen et al., 2001; Convit, Wolf, Tarshish, & de Leon, 2003;
de Toledo-Morrell et al., 2000; Golomb et al., 1994; Hackert
et al., 2002; Köhler, Black, et al., 1998; Laakso, Hallikainen,
Hänninen, Partanen, & Soininen, 2000; Lupien et al., 1998;
MacLullich et al., 2002; Marquis et al., 2002; Petersen et al.,
2000; Reiman et al., 1998; Rosen et al., 2003; Van Petten
et al., 2004; Visser et al., 1999; Woodruff-Pak et al., 2000);
four included primarily subjects in their thirties or forties,
with N = 170 (Gur et al., 2000; O’Driscoll et al., 2001;
Sanfilipo et al., 2002; Torres, Flashman, O’Leary, Swayze,
& Andreason, 1997); and seven included a broad range of
adult ages, withN = 381 (Driscoll et al., 2003; Maguire
et al., 2003; Raz, Gunning-Dixon, Head, Dupuis, & Acker,
1998; Rodrigue & Raz, 2004; Seidman et al., 2002; Sullivan,
Marsh, Mathalon, Lim, & Pfefferbaum, 1995; Tisserand
et al., 2000).

3.2. Statistical methods

Most of the included papers reported volume–memory
relationships as Pearson correlations (r); these were con-
verted toz-scores by the Fischer transform (Zr). The single
Spearman’srho was treated in the same way (as recom-
mended byHunter & Schmidt, 1990). For two papers
(Driscoll et al., 2003; Hackert et al., 2002), probability levels
and sample size were estimateZr. Relationships reported as
not significant without numerical correlations were coded as
correlations of zero. When results were reported separately
for men and women, or for right and left hippocampi, arith-
metic averages of the correlations were computed before
transformation toZr. (Too few studies report separate cor-
relations by gender or side for this information to be used.)
When correlations were reported for more than one memory
test, the arithmetic average of the correlations was computed
(immediate and delayed memory tests are considered sep-
arately in an analysis of possible moderator variables). One
paper reported two studies from the same population, with
the same memory test (MacKay et al., 1998); these results
were combined (weighted by sample size) prior to analysis.

Most of the papers report volume–memory relationships
only after some form of normalization for head or body size:
division by whole-brain volume, ipsilateral hemisphere, or
intracranial vault size, or residual volume after regressing
on brain volume, intracranial vault, or height (method listed
in Table 1). When papers included correlations for both raw
and normalized volumes, normalized correlations were se-
lected in order to conform to the larger number of papers that
did not offer a choice of measures. Six papers report partial
correlations between volume and memory only after addi-
tionally regressing on the age of the subjects (Cahn et al.,
1998; Convit et al., 2003; Hackert et al., 2002; Maguire et al.,
2003; Sanfilipo et al., 2002). A priori, it seems that this pro-

cedure might reduce volume–memory correlations if both
hippocampal volume and memory ability decline across the
age range included in the sample. Analyses were conducted
both with and without these studies.

The common Zr across studies were computed as∑
Zr(n−3)/

∑
(n−3), wheren is the sample size for each

study. The commonZr was then transformed to estimate
the commonr across studies (Hedges & Olkin, 1985). The
Zr transform produces a small bias toward larger (positive
or negative) correlation estimates, so that some authors
recommend using a correction factor, or indeed using the
raw r’s instead (Edwards, 1963; Hunter & Schmidt, 1990).
These different procedures yielded estimates of the com-
mon r that were identical to the second decimal place, so
that the formula above was used. The significance of the
commonr was then evaluated by

Ztest = (commonZr) × (square root of(N − 3k)),

whereN is the total number of subjects across studies, and
k is the number of studies (Hedges & Olkin, 1985).

For the entire set of studies, and for selected subsets, tests
of heterogeneity were conducted to evaluate the null hy-
pothesis that the set of correlations were drawn from the
same underlying population, using theX2 statistic as rec-
ommended by various authors (Edwards, 1963; Hedges &
Olkin, 1985). To compare correlations across different sub-
sets of studies, the statistic

Zcomparison= Zr1 − Zr2

square root of((1/N1 − 3) + (1/N2 − 3))

was used (Wolf, 1986).

4. Results

4.1. Common correlation across studies, and heterogeneity
of the results

The common correlation between hippocampal volume
and memory performance across all 33 studies (weighted
by sample size) was 0.071 (Ztest = 3.00, P < 0.005).
Although the estimated correlation across studies was sig-
nificantly positive,Table 1shows a great deal of variabil-
ity across studies: reported correlations range from positive
0.55 to negative 0.55.Fig. 1 shows the distribution of re-
ported correlations, which appears to deviate from normal.
The heterogeneity test confirmed the visual impression that
the reported correlations are unlikely to come from the same
underlying distribution (X2 = 63.5, d.f . = 32, P < 0.001).

The initial reasoning above was that partialling out
the effect of age might reduce the magnitude of the
volume–memory correlation, because both hippocampal
volume and memory performance are typically lower in el-
derly than young subjects. However, three of the six studies
that used this procedure reported substantial positive corre-
lations, so that excluding all six resulted in a nonsignificant
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Fig. 1. Frequency distribution of reported correlations between hippocampal volume and the 107 memory tests used across the studies. Correlations
between 0.60 and 0.50 were collapsed, and plotted as 0.55; correlations between 0.50 and 0.40 collapsed and plotted as 0.45, etc. When correlations for
a composite of several memory tests were reported as a singler, the reportedr was counted as occurring several times (equal to the number of tests in
the composite). Correlations reported only as nonsignificant were counted asr = 0.

estimate of the commonr as 0.035(Ztest = 1.17). The
heterogeneity test remained significant for the remaining 27
studies (X2 = 47.0, d.f . = 26, P < 0.01).

The heterogeneity tests (as well as even a cursory inspec-
tion of Table 1), suggest that some factor may moderate
the relationship between hippocampal volume and memory
performance. Below I examine three candidates: the nature
of the memory measures, the age of the subjects, and the
method used to normalize hippocampal volume for head or
body size.

4.2. Is nature of the memory test a moderator variable?

Table 1indicates that a variety of memory tests were used
across the different studies, although tests from the Wechsler
Memory Scale Revised (WMS-R) are strongly represented.
Because of this variety, and the frequent combination of in-
dividual tests into composite measures, it is not possible to
examine whether some particular memory tests are more
strongly associated with hippocampal volumes than others.

However, the WMS-R and some other standard neuropsy-
chological batteries have both immediate memory tests, and
delayed versions in which the subject attempts to recall the
same material some twenty minutes later. Some investigators
have suggested that delayed tests show a stronger relation-
ship to hippocampal volume than those in which recall fol-
lows immediately after the study phase (seeKöhler, Black,
et al., 1998for an example in Alzheimer’s patients). In the
first published study of volume–memory relationships in a
nondemented sample of older adults,Golomb et al. (1994)
observed a significant correlation for delayed but not im-
mediate recall. Following this lead, other investigators have
used a retention measure of delayed minus immediate recall
(Lupien et al., 1998; Sowell et al., 2001).

Despite the potential importance of this issue, it is not
simple to compare the results of immediate to delayed mem-
ory tasks across the published studies, for several reasons:
(1) independent scores for immediate and delayed versions
cannot be estimated in those studies which report only a
retention measure; (2) some of the test composites used by
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various authors include both immediate and delayed tests,
with results reported only for the composite; and (3) some
studies which included both immediate and delayed tests
report both sorts of correlations only as “nonsignificant”.
Paring down the reported results to only those studies in
which correlations are reported for individual memory tests,
or for test composites consisting of only one sort of test
yielded eleven studies with immediate tests, and twenty
with delayed tests. Weighted by sample size, the estimated
commonr is 0.086(P < 0.02) for the immediate tests, and
0.090 (P < 0.005) for the delayed tests (not significantly
different). Although based on only a subset of the published
results, this comparison provides little support for the idea
that delayed tests have a stronger association to hippocam-
pal volume than immediate tests in healthy individuals.

4.3. Age of the subjects as a moderator variable

The age of the participants is critically important for both
the aging neuropsychological and developmental perspec-
tives. The neuropsychological hypothesis predicts positive
correlations between hippocampal volume and memory in
older adults, after age-related atrophy has resulted in mem-
ory impairment, but no relationship or a smaller positive cor-
relation in young adults. The developmental hypothesis pre-
dicts negative correlations in children and possibly in young
adults, and is agnostic about older adults. The two hypothe-
ses converge in predicting increasingly positive correlations

Fig. 2. Correlations between hippocampal volume and memory performance are plotted against mean age of the subject sample (one correlation for each
study, averaged across all memory tests in the study). Squares denote studies including only young adults (<30 years), children, or adolescents; diamonds
denote studies with adults in their thirties to forties; triangles denote studies with older adults (>50 years); circles denote studies with a broad range
of adult ages. Black symbols are for studies using raw volumes or residual volumes after removing variance associated with head or body size. Blue
symbols denote studies in which hippocampal volumes were expressed as a proportion of intracranial vault or brain volume. Red symbols denote studies
that use age-adjusted residual scores for hippocampal volume or memory performance. Purple indicates age-adjusted residuals for memory performance,
and hippocampal volume expressed as a proportion of intracranial volume. Note that the graph does not display the number of participants in each study
(which varied widely), although the statistical analyses in the text are weighted by sample size.

with advancing age. The ideal method of examining this pre-
diction would consider volume, memory performance, and
age for each participant in the 33 studies. In contrast, mean
age of the sample is what is available from published re-
ports, but examination of the reported volume–memory cor-
relations by mean age should provide at least a first look at
the prediction.

Fig. 2plots average correlations from each study (zero for
those reported only as nonsignificant) against the mean age
of the subjects. Some tendency for the volume–memory cor-
relations to become more positive with increasing age can be
discerned, but this is disrupted by the large degree of scat-
ter at the elderly end of the continuum. A linear regression
on the correspondingZr values from each study against age,
weighted by sample size, yielded a marginal result (weighted
r = 0.23, P = 0.10). A log transform of age produced a
somewhat stronger relationship with the volume–memory
correlation (weightedr = 0.30, P < 0.05).

The potential impact of age was pursued by examining
subsets of studies from the two age extremes. Three stud-
ies included only adults under the age of 30 (Chant̂ome
et al., 1999; Foster et al., 1999; MacKay et al., 1998), and
two studies included only children and adolescents (Sowell
et al., 2001; Yurgelun-Todd et al., 2003). Considered to-
gether, these five studies have a commonr of negative 0.25
(Ztest = 3.09, P = 0.001, weighted by sample size). The
heterogeneity test for these studies (the squares inFig. 2)
was nonsignificant (X2 = 3.32, d.f . = 4, P > 0.40),
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suggesting that they form a coherent cluster drawn from the
same underlying distribution.

Seventeen studies included only older adults (all over 50,
triangles inFig. 2), with an estimated commonr of posi-
tive 0.097 (Ztest = 3.20,P < 0.001). The heterogeneity test
was marginal (X2 = 22.8, d.f . = 16, P = 0.12). The esti-
mated commonr’s for the studies with young versus elderly
participants were significantly different from one another
(Zcomparison= 4.24, P < 0.0001).

One concern about the validity of the common correlation
for the elderly end of the age range is that one study (Hackert
et al., 2002) contributes nearly half of the totalN (511 of
the 1120 older adults), so that the meta-analysis might be
largely equivalent to the single large study. If this study is
excluded, the other 16 studies have a marginal commonr of
0.063 (Ztest = 1.50,P = 0.07,X2 for heterogeneity= 21.2,
d.f . = 15, P > 0.15). The large-sample study was one of
four with elderly participants that used a measure of hip-
pocampal volume or of memory performance residualized
on age; excluding all four studies results in a nonsignificant
commonr across the remaining thirteen studies (r = 0.024,
X2 for heterogeneity= 10.5, ns). Both of the estimatedr’s
after excluding some elderly studies remain significantly
different from the estimated commonr of −0.25 from the
young studies (Zcomparison> 2.88, P = 0.002).

4.4. Is the method of normalizing for head size a
moderator variable?

Head size is correlated with body size, and brain size in
turn correlated with head size. Because most investigators
share the intuition that large people are not invariably su-
perior to small people in cognitive abilities, morphometry
studies frequently include some sort of correction factor for
overall differences in head or body size prior to examining
the relationship between the volume of any given brain
structure and cognitive performance.Table 1shows a wide
variety of normalization methods which may contribute to
the variety of reported results. These include: (1) analysis of
raw hippocampal volumes; (2) volume divided by brain vol-
ume; (3) volume divided by vault size; (4) removal of vari-
ance shared with brain volume via regression; (5) removal of
variance shared with vault size via regression or ANCOVA;
and (6) removal of variance shared with height via regres-
sion or ANCOVA. (InTable 1, the regression and ANCOVA
methods are both referred to as “residual” methods.)

For analysis, I collapse these six methods into three: (1)
raw volumes (or residuals after removing variance due to
age or sex, but not head or body size); (2)division by vault or
brain; and (3)residuals after height, vault, or brain volume.
This particular scheme focuses on the statistical method of
correction, while ignoring the nature of the correction factor
itself. The argument for combining analyses using intracra-
nial vault size, brain size, and height as the correction factors
is that these can be expected to be strongly correlated with
one another. Note that vault and brain volume can become

Table 2
Results split by method of head-size correction

Method Number of
studies

N Commonr HeterogeneityX2

All studies
Raw 7 230 0.079 15.3∗
Division 10 277 0.025 26.6∗∗∗
Residual 16 1373 0.081∗∗∗ 18.0

Older adults
Raw 3 111 −0.119 4.5
Division 6 123 0.363∗∗∗∗ 17.5∗∗∗∗
Residual 8 926 0.087∗∗∗ 6.8

Older adults without age normalization
Raw 3 111 −0.119 4.5
Division 5 93 0.290∗ 9.7∗
Residual 5 321 −0.014 0.4

∗ P < 0.05.
∗∗∗ P < 0.005.
∗∗∗∗ P < 0.001.

dissociated as total brain volume begins to decline in late
life; however, the studies which use brain volume as the cor-
rection factor were all conducted in participants under the
age of 30, in which total brain volume and vault size will
be closely related. Thus, while there may be subtle differ-
ences dependent on the particular correction factor applied
(Peters et al., 1998; Raz, Gunning-Dixon, et al., 2004), these
are likely to be less important than the major differences in
statistical method.

The top section ofTable 2shows the results of all the
studies split into three sets based on normalization method.
Although only the common correlation from studies using
the residual method reached statistical significance (because
of the largerN), there were no statistically significant differ-
ences among the three estimated correlations (Zcomparison<

1 for all three paired comparisons).

4.4.1. Age and head-size correction
It was not possible to examine the impact of normaliza-

tion method for studies with only young participants, as
most of these (four of five) used the division method. Stud-
ies restricted to older adults have, however, used all three
methods, so that the middle section ofTable 2 compares
these. The method of removing variance in hippocampal
size associated with head or body size via regression or
ANCOVA (“residual method”) yielded a small positive cor-
relation between hippocampal volume and memory perfor-
mance, much like the overall analysis of older participants.
The method of dividing hippocampal volume by cranial
vault yielded a more substantial positive correlation, but
with a significant degree of heterogeneity among studies as
well. Finally, given the impact of normalizing results by age
noted above, the bottom section ofTable 2includes results
from only those studies of older adults that did not adjust
hippocampal volumes or memory scores for age. In this last
case, only those studies using the division method yielded
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a statistically significant common correlation between hip-
pocampal volume and memory performance (and a signifi-
cant heterogeneity test as well). The positive correlation for
studies using the division method was significantly different
from the estimated correlations using the other two meth-
ods (division versus residual:Zcomparison= 2.39,P < 0.05;
division versus raw:Zcomparison= 3.58, P < 0.001). The
topic of how division by vault size differs from adjustment
based on residuals is reserved forSection 5.

5. Discussion

5.1. Limitations of meta-analyses

A potential hazard of any meta-analysis is the so-called
“file drawer problem”: studies that are unpublished due
to null or difficult-to-interpret results. Some protections
against this problem are built into the present topic. The
first stems from the expense, effort, and relative novelty
of relating structural MR data to cognition, so that inves-
tigators are likely to be strongly motivated to publish, and
editors likely to show a similar interest. The second protec-
tion applies to a subset of the studies in which the healthy
participants were controls for neurological or psychiatric
patients (11 of the 33 studies): in these cases the inves-
tigators, reviewers, and editors may have had a relatively
minimal theoretical stake in the direction of these results.
Whatever the reasons,Table 1indicates that results of all
flavors have reached print, so that the file-drawer problem is
likely to be minimal here.Table 1does, however, show a di-
luted version of the problem: volume–memory correlations
reported only as “nonsignificant” without numbers. These
were coded as correlations of zero in the analyses because
an effect size of zero is, in general, the average null result.
Fig. 2 indicates that removal of all the “ns” results would
not influence the young end of the age range, and would
continue to show substantial variability for the elderly end
of the range. To the extent that there is some bias in report-
ing the details of nonsignificant results, it is likely that the
a priori logic of the aging-neuropsychological hypothesis
would lead to under-reportage of negative volume–memory
correlations for older participants. I would thus argue that if
coding the “ns” correlations as zero introduced a bias in the
meta-analysis, it would be in the direction of a too-positive
estimate of the volume–memory correlation in older
adults.

Another general feature of meta-analytic methods is that
qualitative aspects of data are disregarded in favor of those
that can be quantified or categorized. In the present analyses,
the quantitative variables were the number of participants
and their mean age; categorical variables were immediate
versus delayed memory tests, and the method of handling
variation in head or body size. However, it is possible
to imagine that other variables resulted in measurements
of hippocampal volume that were more or less accurate.

These include: (1) imaging parameters such as the pulse
sequence, slice thickness, gap (or no gap) between slices,
slice angle relative to orientation of the structure, rotation
of slices prior to measurement, method for differentiating
tissue from cerebrospinal fluid, etc.; (2) the measurement
protocol itself, namely the anatomical landmarks used to
define the hippocampus; and (3) the skill and care of the
operators in following the measurement protocol. Across
studies, the Methods sections show some variation in imag-
ing parameters, but there was no obvious way of capturing
this variation via categorical variables. Similarly, the mea-
surement protocols depended, in part, on the slice angle and
thickness, although visual identification of the hippocampus
is not especially difficult and the published reports gener-
ally refer to the same landmarks. Finally, #3 is routinely
evaluated by including measures of the similarity or differ-
ence in repeated measures of the same structure in the same
scans, and most studies include acceptable test–retest relia-
bility measures. It should be noted however, that reliability
measures can be inflated by an operator’s memory of how
he/she processed a particular scan the first time, in addition
to the reliability gained by following the same procedure on
each scan. In general, test–retest reliability is not the same
as accuracy. Overall, it is not hard to imagine that the mea-
sured volumes in some studies are more accurate measures
of true hippocampal volume than those in other studies, but
this speculation cannot be subjected to any sort of quanti-
tative analysis. However, methodological variation across
studies is one argument for conducting a meta-analysis,
as one would expect genuine and robust effects to emerge
from data collected across laboratories.

5.2. Evaluation of the three hypotheses

Examining the reported relationships between hippocam-
pal volume and memory performance across 33 studies
yielded no support for the “bigger is better” hypothesis,
because of the heterogeneous results across studies, which
included both positive and negative correlations between
hippocampal volume and memory performance. Instead,
some support for both the developmental and aging hy-
potheses was observed, in that the volume–memory correla-
tion tended to grow more positive as the age of the sample
increased (Fig. 2). However, the trend across age appeared
to be more strongly influenced by the young end of the age
continuum than the elderly end. The strongest association
emerged from studies of children, adolescents, and young
adults, which have uniformly reported negative correlations
between hippocampal volume and memory performance
(Chant̂ome et al., 1999; Foster et al., 1999; MacKay et al.,
1998; Sowell et al., 2001; Yurgelun-Todd et al., 2003). Their
estimated commonr was negative 0.25, with no suggestion
of heterogeneity among the studies. More studies in chil-
dren and young adults are desirable to confirm this finding,
but the extant results support a relationship between hip-
pocampal size and memory ability in youth. The similarity
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of results from young adults and children suggests that the
primary determinant of the volume–memory relationship in
early adulthood is developmental.

The neurobiological explanation for the observed de-
velopmental relationship is much less clear. In one of the
first reports of a negative volume–memory correlation,
Foster et al. (1999)made reference to regressive events
during development, specifically that “insufficient pruning
of the hippocampus during childhood and adolescence (fol-
lowing adequate growth) may lead to reduced mnemonic
efficiency”. No alternative explanation has been offered,
but neither is the pruning hypothesis clearly supported by
MR studies of hippocampal development. In the child-
hood/adolescent age range when cortical gray matter begins
a general decrease in volume, hippocampal volumes seem
to be relatively stable (Courchesne et al., 2000; Pfefferbaum
et al., 1994; Giedd et al., 1996; Giedd, Blumenthal, et al.
1999; Giedd, Jeffries, et al., 1999; Sowell, Trauner, Gamst,
& Jernigan, 2002, and see footnote 1), rather than also de-
clining as the simplest version of the pruning hypothesis
would predict. But, of course, volumetric measures pro-
vide no insight into the organizational processes that occur
during neural development. Because memory formation
is almost certainly dependent on afferent/efferent relation-
ships between the medial temporal lobe and the neocortex,
changes in the ratios of hippocampal/neocortical neuron
numbers might play some role in the developmental relation-
ship between hippocampal volume and episodic memory
performance.

The a priori argument for an aging/neuropsychological
perspective on volume–memory relationships was plausible,
in that both hippocampal volumes and episodic memory
abilities show a general decline across adulthood, so that
one might posit a causal relationship. The empirical sup-
port for this hypothesis was, however, surprisingly weak.
Studies with only healthy elderly participants have reported
both positive and negative correlations between volume and
memory. The common correlation was a significant 0.097
when all studies of older adults were included, but dropped
to a nonsignificant 0.024 with exclusion of studies that ana-
lyzed hippocampal volumes after regressing volume against
age. Results from older adults also appeared to be influenced
by the method of adjusting (or not) for head size; positive
correlations emerged primarily from studies that expressed
hippocampal volume as a proportion of intracranial vault
capacity (Table 2, Fig. 2). The fragility and variability of
the results from healthy older adults are in contrast to the
essentially unanimous reports of positive volume–memory
correlations in Alzheimer’s patients, for whom volume
loss co-occurs with plaques and tangles. Perhaps the most
striking aspect of the healthy elderly results reviewed here
is the variability of the reported correlations between hip-
pocampal and memory measures. The variability issue is
taken up below, and then the potential impact of statis-
tical methods for normalizing across age and head/body
size.

5.3. Individual variability in older adults

The idea that a variety of cognitive performance mea-
sures show greater inter-individual variability in elderly
than in young adults is frequently noted in the cognitive
aging literature.Hale, Myerson, Smith, and Poon (1988)
have suggested that, for RT measures, larger standard devi-
ations in older than younger samples should be interpreted
cautiously because larger means are normally accompanied
by larger S.D.s, so that generally slower responses from an
elderly group may masquerade as increased variability. This
critique is less relevant for measures of accuracy in episodic
memory tests, at least if ceiling effects do not truncate the
range for young adults. Previous meta-analyses and indi-
vidual studies examining dispersion around the group mean
confirm greater individual variability in episodic memory
performance for older adults as compared to younger adults
(Morse, 1993; Nelson & Dannefer, 1992; Rabbit, 1993;
Verhaeghen, 1990; seeDevolder, 1991for contrary results).
Longitudinal studies of older adults also indicate large and
increasing individual differences in episodic memory over
time (Christensen et al., 1999; Wilson et al., 2002).

As noted in the Introduction, estimates of age-related
decline in hippocampal volume have varied widely from
study to study. In contrast to the cognitive aging literature,
age-related changes in dispersion measures have not been
a focus of attention in morphometry studies. However,
because morphometry studies typically include smaller
samples than behavioral studies of aging, variability across
studies may also reflect individual variability between the
participants recruited by different laboratories. A differen-
tial impact of age on hippocampal volume across individ-
uals could arise from both genetic and experiental factors.
From a study of monozygotic and dizygotic elderly twins,
Sullivan, Pfefferbaum, Swan, and Carmelli (2001)estimate
that some 40% of the variance in late-life hippocampal
volume can be attributed to genetics, while the other 60%
reflects experiential factors. Such experiential factors could
operate to increase or decrease volumes. On the one hand,
incipient pre-clinical dementia would act to reduce vol-
umes. On the other hand, neurogenesis continues in the
primate hippocampus throughout adulthood, and survival
of new neurons is reported to be dependent on new learn-
ing, at least in rodents (Gould, Beylin, Tanapat, Reeves, &
Shors, 1999; Gould, Reeves, et al., 1999; Kornack & Rakic,
1999). Because the new neurons have been observed only
in the dentate gyrus, which comprises a small portion of
the human hippocampus (2.7% of total volume, according
to Harding, Halliday, & Kril, 1998), it seems unlikely that
neurogenesis would have a major impact on macroscopic
volume measures. However, growth or shrinkage in the
dendritic arbors of existing neurons is also likely to occur
in adulthood. One example of adult plasticity in human hip-
pocampal volumes occurs in patients with pathologically
high levels of glucocorticoids due to Cushing’s disease.
Small volumes are observed in untreated cases, but these are
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reported to rebound after treatment (Bourdeaux et al., 2002;
Starkman et al., 1999). Extended discussion of the causes
of gains or losses in hippocampal volume are outside the
scope of this review, but variability in both memory abilities
and hippocampal volumes in older adults is pertinent to the
neuropsychological hypothesis. If indeed age-related de-
clines in both memory and hippocampal volume are wildly
variable across individuals, chronological age will be a poor
predictor of who has suffered what sort of decline.

The observation of negative correlations between hip-
pocampal volumes and memory in young subjects, com-
bined with increased variability in both sorts of measures
in the elderly, suggests a way of salvaging the aging/
neuropsychological hypothesis. With revision, the hypothe-
sis would specify that, to the extent that a small hippocampus
reflects tissue loss in old age (rather than pre-existing differ-
ences due to developmental factors), poor memory abilities
will result, and a positive correlation between hippocampal
volume and memory performance will be observed. The
revised hypothesis makes a moderately strong prediction
about cross-sectional studies of adults, namely that the
memory–volume correlation will increase as the age–volume
correlation offers stronger evidence for age-related tissue
loss (i.e., becomes increasingly negative). Unfortunately,
only eight of the adult studies reviewed here include both
of the relevant correlations (without age-normalization;Gur
et al., 2000; Raz et al., 1998; Reiman et al., 1998; Sullivan
et al., 1995; Tisserand et al., 2000; Van Petten et al., 2004;
Woodruff-Pak et al., 2000), so that the power to assess
this hypothesis was weak. The relationship between the
age–volume correlation and the memory–volume corre-
lation was nonsignificant across those studies (weighted
r = 0.311, rather than the negative correlation predicted).

Longitudinal studies offer a more transparent means of
assessing the revised aging/neuropsychological hypothesis:
to the extent that an individual loses hippocampal volume
over time, his/her memory performance should also de-
crease. The data here are very sparse, but do not support
the hypothesis.Ylikoski et al. (2000)assessed memory per-
formance in older adults at two time points 5 years apart,
together with a visual rating of hippocampal atrophy at
Time 2. Approximately half (15 of 35) of the participants
had detectable atrophy at Time 2. The groups with and
without atrophy showed significant declines in four WMS-R
memory tests across the 5 years, although remaining in the
normal range. However, the degree of memory decline did
not differ between groups, or correlate with degree of atro-
phy.Rodrigue and Raz (2004)similarly conducted repeated
volume measures after a 5-year interval in older adults. Al-
though hippocampal volume showed a significant decline,
the magnitude of change was uncorrelated with memory
performance at Time 2. In a subset of subjects with memory
measures at both time points, hippocampal change signifi-
cantly predicted memory change for only one of five tests
administered, which the authors suggest may reflect a chance
finding. Finally, Cohen et al. (2001)repeated both neu-

ropsychological testing and hippocampal volume measures
after a 2-year interval. Declines in both memory scores and
volumes were noted, with greater hippocampal decrease in
subjects possessing an APOE-4 allele than in those without
this gene (2.3% versus 0.8% annual decrease). But the two
groups did not differ in extent of memory decline, nor was
there a correlation between volume loss and memory change
across all the subjects. The authors of these longitudinal
studies note the relatively mild hippocampal losses in their
cognitively intact samples as compared to Alzheimer’s pa-
tients, and allude to the possibility of a threshold effect—that
deterioration of the hippocampus need be extensive before
any relationship to cognitive change can be detected.

5.4. Normalizing measures for age

For the studies of hippocampal volume and memory in
older adults, a significant common correlation was obtained
only with the inclusion of studies that used a residual
measure of hippocampal volume after regressing against
age, or similarly regressing the memory scores against age
(age-adjusted residuals). This procedure removes variance
associated with chronological age, and redefines data points
as the difference between an individual’s measures and oth-
ers of similar ages in the sample. From published results, it
is not possible to evaluate what impact the age-adjustment
procedure had on the reported volume–memory correla-
tions. It is possible that the impact was minor. On the other
hand, it is very possible that the results of these studies
tell us less about the general influence of advancing age
on the hippocampus and memory, and more about the
significance of deviating from the norm. It is generally
accepted that patients with probable Alzheimer’s disease
as well as those diagnosed with mild cognitive impairment
(MCI) have smaller-than-expected hippocampi for their age
(Chetelat & Baron, 2003; Kantarci et al., 2002; Wolf et al.,
2003, in press). Age-normalization is reported to improve
discriminability between normal and AD hippocampal vol-
umes (Hampel et al., 2002). All of the studies reviewed
here excluded cognitively impaired participants, but some
studies suggest that cognitively normal adults who progress
to MCI within a few years also have smaller-than-expected
hippocampi at baseline as compared to cognitively normal
adults who remain so over time (Jack et al., 2000; Marquis
et al., 2002; see alsoGolomb et al., 1996). Because an
age-adjusted residual is the difference between an individ-
ual and his/her like-age peers, we might then speculate that
studies which use this procedure and obtain large positive
correlations between hippocampal volumes and memory
scores are strongly influenced by subjects who are on the
cusp of clinically significant cognitive decline. This possi-
bility would, of course, be good news for the medical en-
deavor of helping to identify and aid such individuals before
the decline occurs. In contrast however, pooling the results
of studies without some form of age-adjustment led to no
suggestion of a relationship between hippocampal volume
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and memory performance in older adults. For the endeavor
of understanding basic structure/function relationships in
normal aging, this latter result is less comforting.

5.5. Adjusting for head or body size

The studies reviewed here were divided according to
three methods of adjusting hippocampal volumes for over-
all brain, head, or body size: (1) no such adjustment; (2)
division of hippocampal volume by volume of the brain or
intracranial vault; and (3) the use of regression or ANCOVA
to remove variance in hippocampal volume that is shared
with overall brain, vault, or body size. When all the studies
were evaluated regardless of age, normalization method had
no significant impact. For studies of children and young
adults, the initial heterogeneity test was nonsignificant, and
Fig. 2suggests no obvious difference between studies using
different methods. For studies of older adults, the method of
normalization proved influential, with only the studies using
the division method yielding substantial positive correla-
tions between adjusted hippocampal volumes and memory
performance (Table 2). It should be noted that splitting the
elderly studies by normalization method resulted in rela-
tively small sample sizes, so that the observed differences
among methods must be regarded as less conclusive than
some of the other analyses based on larger numbers of par-
ticipants. However, consideration of normalization method
may prove critical for future research.

The adjustment of regional brain volumes for head or body
size has always been a thorny issue for MR morphometry
studies. The nature of the correction factor used depends,
in part, on one’s assessment of the causal relations between
different parameters of body size (height, weight, etc.), skull
size, brain size, and the size of individual structures. These
have been discussed elsewhere and are not taken up here
(Peters et al., 1998; Raz, Gunning-Dixon, et al., 2004). In-
stead, I summarize some measurement and statistical issues
which have also been well-covered elsewhere, but have per-
haps not permeated the MR morphometry literature as thor-
oughly as they should.

Although proportional measures of structure size—
structureX considered as a percent of the brain or total
intracranial space—have some intuitive appeal, it is well
established that such ratio measures do not eliminate the
influence of head (or brain) size. Instead, ratio measures
have just the opposite effect of producing a relationship
between the ratio and its denominator if none exists.Karl
Pearson (1897)first commented on the intrinsic relation-
ship between two ratios that share some variable, and the
spurious correlations that arise when comparing such ra-
tios. Nearly 30 years ago,Atchley, Gaskins, and Anderson
(1976) addressed exactly the issue of interest here—the
relationship between a ratio (e.g.,X/Y) and its denominator
(Y)—by means of large sets of simulated data. WhenX and
Y had a correlation of zero, the correlations betweenX/Y
and Y ranged from−0.50 to−1.0. The magnitude of the

spurious correlation depended on the relative variance ofX
andY. The spurious correlation grew larger as the standard
deviation ofY exceeded that ofX, corresponding to the case
of a small part (hippocampus) divided by a larger whole
(vault size or brain volume).

Atchley’s work addressed the extreme case of no
pre-existing relationship between the two components of a
ratio (Atchley et al., 1976). In morphometry, the volume
of any given structure will typically have some true pos-
itive correlation with whole brain or vault volume. Real
data sets illustrate that ratios tend to change the sign of
these correlations from positive to negative.Arndt, Cohen,
Alliger, Swayze, and Andreasen (1991)report a correlation
between hippocampal and whole-brain volume of 0.26,
but a correlation between the hippocampus/brain ratio and
brain volume of−0.36. Similarly,Mathalon et al. (1993)
report a correlation between intracranial vault and cortical
gray volume of 0.43, but a correlation between vault and
the gray/vault ratio of−0.31. Data from our group included
a modest positive correlation between hippocampal volume
and cerebral volume of 0.26, but a large negative correla-
tion (−0.54) between hippocampus/cerebrum and cerebrum
(Van Petten et al., 2004).

In contrast to ratio measures, residual methods do remove
variance associated with head size: the residual variance in
hippocampal volume after regression on head size will (by
definition) be perfectly uncorrelated with head size. If one’s
goal is to eliminate the average influence of head size on
the volume of a given structure, regression or ANCOVA
methods are strongly preferred to ratio measures. Given the
general lack of clarity about the relationship between head
size, size of a given brain structure, and cognitive abilities,
it will also be useful to analyze these relationships as simple
correlations prior to any statistical adjustment.

Having seen that ratio and residual methods of “correcting”
for head size are very different, should we care? Specif-
ically, is there some scenario in which the use of a ratio
measure could produce a spurious correlation between hip-
pocampal size and memory performance that would not
be present when a residual method was used?4 A priori, it
seems that there might be cause for concern under either of
two conditions: (1) head size was correlated with memory
in the sample; or (2) the relationship between hippocampal
size and head size was different for subjects with better
versus worse memory performance. One or both of these
conditions might emerge as a random coincidence in a
small sample, or due to genuine but poorly-understood rela-
tionships among the three variables. In the second category,
some findings hint at causes for concern. One such hint is

4 One can also wonder about the converse case: can removing the influ-
ence of head size via the residual method eliminate a genuine correlation?
If the “bigger is better” hypothesis were true in an absolute sense (larger
raw hippocampal volumes associated with better memory), correcting for
head size via the residual method would tend to reduce a true positive
correlation toward zero. However, the residual method would not yield a
negative (reversed) correlation, merely a null effect.
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that women (with smaller head sizes on average) tend to
perform better than men in several standardized memory
tests using verbal material (e.g., California Verbal Learning
Test, Rey Auditory Verbal Learning Test, word-pair asso-
ciate learning, seeLezak, 1995for review) and perhaps in
other episodic memory tests (Beatty, Mold, & Gontkovsky,
2003; Kimura, 1999; McGivern et al., 1997), while men
tend to perform better on some tests of spatial memory
(Astur, Ortiz, & Sutherland, 1998; Kimura, 1999). The
presence of sex-linked differences in both head size and
memory performance would implement condition #1 above,
if the sample included both sexes and no statistical control
for gender. A second such hint begins with considering that
the hippocampus is primarily gray matter, so that its size
may scale with the amount of gray matter in a brain rather
than with intracranial capacity or brain size as a whole. This
would not be an issue if we could assume that the propor-
tion of gray matter was constant across different head sizes
at the initial state (prior to any age-related changes). The
validity of this assumption is unclear. Some recent reports
conclude that there is a higher percentage of gray matter in
women than men (Allen, Damasio, Grabowski, Bruss, &
Zhang, 2003; Gur et al., 1999; Peters et al., 1998; but see
Sullivan, Rosenbloom, Serventi, & Pfefferbaum, 2004for a
sex difference in the opposite direction, andGe et al., 2002
for no sex difference). It is also unclear whether there is
some relationship between head size and relative amounts
of gray versus white matter independent of gender.5 Finally,
there is universal agreement that adult brain changes prior
to age 50 years consist of a decline in gray matter volume
but not white matter volume (Courchesne et al., 2000; Ge
et al., 2002; Gur et al., 1999; Pfefferbaum et al., 1994; Raz
et al., 1998; Sullivan et al., 2004), so that the potential con-
founds introduced by hippocampus/head size ratios could
be different for different age ranges. Overall, there are too
many empirical uncertainties to determine the expected in-
fluence of a proportional measure of hippocampal size on
the hippocampus versus memory correlation in any general
sense. Instead, the impact may be idiosyncratic to each data
set and add a good deal of noise to the published results
considered as a whole.

5 Some papers suggest this explicitly (Luders, Steinmetz, & Jancke,
2002; Mathalon et al., 1993), but their conclusions appear to be based
on negative correlations between gray/ICV ratios and intracranial vault
capacity, which is the sort of analysis that produces spurious negative
correlations, i.e., ifX = gray volume andY = everything else inside
the intracranial cavity (white matter, CSF, etc), then the correlation is
betweenX/(X + Y) andX + Y . Because the two terms in the correlation
share variables, a spurious negative correlation is to be expected. A more
appropriate analysis would examine how gray and white volumes scale
up proportional to vault size, i.e., whether the two volumes show the
same slope (same regression coefficient) when plotted against vault size.
One recent paper shows these relationships graphically (Sullivan et al.,
2004; Fig. 3), with an apparent slope of less than 1.0 for gray matter as
intracranial volume increases, but a slope of greater than 1.0 for white
matter—a pattern corresponding to a higher percentage of gray matter in
smaller brains.

5.6. Revisiting the aging-neuropsychology hypothesis

The hypothesis that age-related hippocampal volume loss
causes episodic memory impairment stemmed from three
premises: (1) episodic memory requires the hippocampus;
(2) volumes decline with advancing age in the healthy pop-
ulation; and (3) episodic memory also declines with advanc-
ing age in the healthy population. There is little reason to
question any of these three basic premises, so that lack of
strong evidence for a link between hippocampal volume and
memory in older adults raises two sorts of questions: those
focusing on the execution of the experiments, and those fo-
cusing on conceptualization—the implicit links between the
starting premises.

On the execution side, one possible objection is that
the memory tasks administered were simply the wrong
ones—were not hippocampally dependent. This seems un-
likely given that many or all of the wide variety of memory
tests employed show impairments in patients with frank
hippocampal damage. Moreover, nearly all of the reviewed
studies which additionally included a patient group reported
significant positive correlations for the patients, suggest-
ing that the tests were capable of detecting hippocampal
dysfunction (Cahn et al., 1998; de Toledo-Morrell et al.,
2000; Gur et al., 1999; Köhler, Black, et al., 1998; Laakso
et al., 2000; O’Driscoll et al., 2001; Sanfilipo et al., 2002;
Seidman et al., 2002).

A second sort of potential execution problem is that mea-
surement errors for volume and for memory ability will pro-
duce multiplicative noise for a correlation, which could be
disastrous for a small effect. Researchers are sensitive to the
issue of measurement error for volumetric measures, so that
explicit reliability tests are standard, and generally yielded
high numbers for the reviewed papers. Reliability of par-
ticular memory tests as assessments of memory ability is
less often addressed, and some of the reviewed studies used
only one memory test, which may not provide a very pre-
cise description of an individual’s underlying abilities. How-
ever, these were a minority of the studies, and inspection
of Table 1shows little commonality among the studies that
used a more comprehensive battery of tests. An additional
argument against dismissing the null result in older adults
as measurement error is, of course, the observation of a sig-
nificant negative correlation in young subjects.

A third sort of potential pitfall falls midway between ex-
ecution and conceptualization, and concerns the selection
of anatomical region to be correlated with memory perfor-
mance. Most of the reviewed studies attempted to assess
the entire volume of the hippocampal formation. It is possi-
ble, however, that age-related shrinkage is more evident in
some subregions of the hippocampus than others. Two re-
cent volumetric studies agree that stronger age correlations
are observed for the anterior than posterior portions of the
hippocampus (Hackert et al., 2002; Driscoll et al., 2003;
Pruessner et al., 2001). One of these also report stronger
correlations with memory for the head than for other subdi-
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visions, but only after residualizing on age, so that the re-
lationship between the aging effect and the memory effect
is unclear (Hackert et al., 2002). Further work examining
subdivisions of the hippocampus may be useful.6

A more general question about the selection of anatomi-
cal region concerns the strong emphasis on the medial tem-
poral lobe. A broader restatement of the first premise might
be “Episodic memory requires the hippocampus and other
medial temporal cortices, and interactions between these re-
gions and the neocortex”. Grey matter in many neocortical
areas shows age-related volume reductions that are at least
as large as those observed in the hippocampus (Coffey, 2000;
Raz, 2000). About a third of the studies reviewed here col-
lected temporal lobe measures outside the medial region (de
Toledo-Morrell et al., 2000; Gur et al., 2000; Lupien et al.,
1998; MacLullich et al., 2002; Raz et al., 1997; Sanfilipo
et al., 2002; Sowell et al., 2001; Sullivan et al., 1995; Torres
et al., 1997; Van Petten et al., 2004), but few of these ex-
amined other lobes, and fewer yet distinguished gray from
white matter. It remains possible that additional studies us-
ing more comprehensive measures of cortical change with
age will reveal stronger relationships to memory abilities.

Although I have suggested that none of the execution
issues raised above can individually account for the empir-
ical weakness of the aging/neuropsychological hypothesis,
it is yet possible that each adds cumulative noise that hin-
ders the observation of a positive relationship between
hippocampal volume and memory ability in older adults.
However, it is also relevant to examine the conceptual re-
lationship between starting premise #2 (volume declines)
and premise #3 (memory declines). The implicit link for
the aging/neuropsychological hypothesis is, of course, that
volume loss impairs function. This link is not as trivial
as it appears. It is important to remember that when hip-
pocampal volume and memory performance have positive
correlations in samples of patients (e.g., Alzheimer’s dis-
ease), small volumes are likely to be accompanied by cel-
lular pathology (plaques, tangles). The volume loss across

6 Along the same lines, several recent studies have examined the rela-
tionship between memory performance and volumes of medial temporal
lobe regions outside the hippocampus. For the parahippocampal gyrus
considered as a whole, one study reports a positive correlation between
volume and memory performance (Tisserand, Visser, van Boxtel, & Jolles,
2000), while four report null effects (Köhler, Black, et al., 1998;
Köhler, Moscovitch, et al., 1998; Lupien et al., 1998; Petersen et al.,
2000; Van Petten et al., 2004). Four other studies have examined the
entorhinal region within this gyrus: One of these includes strong posi-
tive correlations between volume and memory (Rosen et al., 2003); three
report null effects in cross-sectional designs (Du et al., 2003; Rodrigue
& Raz, 2004; Turetsky, Moberg, Roalf, Arnold, & Gur, 2003). Two of
these latter studies also examined longitudinal change in entorhinal vol-
ume, one reporting a null effect (Du et al., 2003), and the other report-
ing a significant association between volume decline and poor memory
(Rodrigue & Raz, 2004). No significant negative correlations have been
reported in this literature, but because the large majority of nonsignificant
effects were reported merely as “ns” (without numbers), it is difficult to
evaluate whether volume–memory correlations in this literature might be
more consistent than those reported for the hippocampus.

normal aging may arise from different causes, as suggested
by the decline in cellular metabolites in AD but not normal
aging (Adalsteinsson, Sullivan, Kleinhans, Spielman, &
Pfefferbaum, 2000; Pfefferbaum, Adalsteinsson, Spielman,
Sullivan, & Kim, 1999). Developmental morphometry stud-
ies suggest that volume decline and cognitive decline are not
invariably linked, in that normal childhood and adolescent
development consists of a decrease in gray matter volume
and an increase in white matter volume as a proportion of
brain size (Courchesne et al., 2000; Giedd, Blumenthal,
et al., 1999; Giedd, Jeffries, et al., 1999; Pfefferbaum et al.,
1994; Sowell et al., 2002). During some stages of develop-
ment, increased connectivity among cortical regions (and
cortical/subcortical connectivity) seems to be more benefi-
cial than sheer amount of gray matter. This developmental
result is partially paralleled in aging studies, in that there is
general agreement that signs of white matter deterioration
in healthy elderly participants are accompanied by poor
cognitive performance (Deary, Leaper, Murray, Staff, &
Whalley, 2003; Gunning-Dixon & Raz, 2000; O’Sullivan
et al., 2001; Van Petten et al., 2004).

The hippocampus is primarily gray matter, and the studies
of youthful participants reviewed here suggest that smaller
ratios of hippocampus/cranial vault (which is closely re-
lated to overall brain size in children and young adults) are
accompanied by better memory performance. The relation-
ship between the decline in gray matter during development
and during aging is deeply puzzling, as there appears to be
no obvious demarcation in morphometry studies that span
childhood to old age (Courchesne et al., 2000; Pfefferbaum
et al., 1994). The pattern of age-related results observed
here suggests that there may be such a demarcation, in that
volume–memory correlations change from generally nega-
tive to extremely variable as the age of the sample increases.
The explanation for that variability is unknown at present,
but is likely to require consideration of age-related changes
outside the hippocampus as well as inside.
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