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Abstract
Several prior imaging studies of healthy adults have correlated volumes of the hippocampus and
amygdala with measures of general intelligence (IQ), with variable results. In this study, we assessed
correlations between volumes of the hippocampus and amygdala and full-scale IQ scores (FSIQ)
using a method of image analysis that permits detailed regional mapping of this correlation
throughout the surface contour of these brain structures. We delineated the hippocampus and
amygdala in high-resolution magnetic resonance images of the brain from 34 healthy individuals.
We then correlated FSIQ with overall volumes and with the surface morphologies of each of these
structures. Hippocampus volumes correlated significantly and inversely with FSIQ independently of
gender, age, socioeconomic status, and whole brain volume. Left and right hippocampus volumes
correlated respectively with verbal and performance IQ subscales. Higher IQs were significantly
associated with large inward deformations of the surface of the anterior hippocampus bilaterally.
These findings suggest that a smaller anterior hippocampus contributes to an increased efficiency of
neural processing that subserves overall intelligence.
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1. Introduction
Individual differences in general intelligence (IQ) have been attributed largely to differences
in the total volumes of the brain and of gray (GM) and white matter (WM) (McDaniel, 2005;
Pennington et al., 2000; Posthuma et al., 2002). One large study of healthy adults indicated a
weak but significant positive correlation between measures of full-scale IQ (FSIQ) and the
volumes of frontal and temporal lobes (Flashman, Andreasen, Flaum, & Swayze, 1998).
Consistent with these findings, recent studies using voxel-based morphometry have shown an
association of FSIQ with the density of GM and WM in regions of the frontal, parietal, temporal,
and occipital lobes that subserve verbal and performance abilities (Haier, Jung, Yeo, Head, &
Alkire, 2004; Thompson et al., 2001). In addition, a vast number of animal and human studies
have suggested that mesolimbic structures, including the hippocampus and amygdala, also play
an important role in learning, memory, and cognition (Bechara, Damasio, & Damasio, 2003;
Burns, Everitt, & Robbins, 1999; Everitt et al., 1999; Fried, Cameron, Yashar, Fong, &
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Morrow, 2002; Fried et al., 2001; Jones-Gotman, 1986; Kahn et al., 2002; Squire, Stark, &
Clark, 2004). Moreover, the volume of the hippocampus has been shown to correlate positively
and significantly with IQ in healthy adults (Andreasen, Flaum, Swayze, O’Leary, et al.,
1993), although another more recent study using voxel-based morphometry failed to
demonstrate any correlation of IQ with volumes of GM or WM volume in mesolimbic
structures (Haier, et al., 2004). Differences in the methods of image analysis may have
contributed to the discrepancies between these findings.

To understand better the role of the hippocampus and amygdala in supporting general
intellectual abilities, we used magnetic resonance imaging (MRI) to measure the volumes of
these structures in 34 healthy adults, and we assessed whether the volumes and the surface
morphologies of these structures correlated with FSIQ. Given the clinical and preclinical
evidence that the hippocampus and amygdala subserve learning and memory functions, as well
as the important contributions of these functions to overall intelligence, we hypothesized that
volume and surface morphology of the hippocampus and amygdala would correlate
significantly with FSIQ.

2. Methods and materials
2.1. Subject recruitment and characterization

We recruited healthy adult participants selected randomly from a telemarketing database of
households and from fliers distributed in the New Haven community (Peterson et al., 2000).
Subjects were contacted initially through an introductory letter, followed by screening
telephone calls. Exclusionary criteria included an IQ below 80, history of head trauma with
loss of consciousness, substance abuse, and seizure disorder. The Schedule for Affective
Disorders and Schizophrenia (Endicott & Spitzer, 1978) was administered to all participants.
We excluded from participation any individual who met DSM-IV criteria for a current axis I
or II disorder (American Psychiatric Association, 1994).

Participants included 34 adults (15 women and 19 men) aged 18–57 (mean 31.5 ± 11.1) years.
They were primarily from households of upper-middle-class socioeconomic status (SES)
(mean 49.1 ± 12.4, possible range 0–64) (Hollingshead, 1975), and all were medication-free.
Written, informed consent was obtained for all participants after they received a full description
of the study.

2.2. MRI scanning
High-resolution T1-weighted magnetic resonance images (MRI) were acquired using a single
1.5-T scanner (GE Signa; General Electric, Milwaukee, Wis.). Head positioning was
standardized using cantho-meatal landmarks. Brain scans were acquired using a sagittal 3-D
volume spoiled gradient echo sequence with repetition time = 24 ms, echo time = 5 ms, 45°
flip angle, frequency encoding superior/inferior, no wrap, 256 × 192 matrix, field of view =
30 cm, 2 excitations, slice thickness = 1.2 mm, and 124 contiguous slices encoded for sagittal
slice reconstruction, with voxel dimensions of 1.17 × 1.17 × 1.2 mm.

2.3. Neuroanatomical measures
The amygdala and hippocampus were manually traced on Sun Ultra 10 workstations using
ANALYSE 7.5 software (Biomedical Imaging Resource, Mayo Foundation, Rochester, MN);
analysts were blind to participant characteristics and hemisphere (images were randomly
flipped left–right prior to analysis). Large-scale variations in image intensity were removed,
and images were reformatted to standardize head flexion, rotation, and tilt prior to region
definition (Peterson et al., 2001; Sled & Evans, 1998). Axial slices were oriented parallel to
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the anterior and posterior commissures; sagittal slices were oriented parallel to standard midline
landmarks.

Methods used in this study for defining the amygdala and hippocampus have been described
previously (Kates, Abrams, Kaufmann, Breiter, & Reiss, 1997). Briefly, the anterior extent of
the amygdala coincided with the most anterior slice in which the anterior commissure was seen
to cross the midline. The transition between the amygdala and hippocampus was determined
by drawing a straight horizontal line connecting the inferior horn of the lateral ventricle with
the amygdaloid sulcus or, when the sulcus was not clearly identifiable, by a straight horizontal
line connecting the inferior horn of the lateral ventricle with the surface on the uncus (Watson
et al., 1992). The most posterior slice was the last in which the crus of the fornix and the fimbria
of the hippocampal formation could be delineated. Interrater reliabilities of the morphometric
measurements (intraclass correlation coefficients using two-way random effects (Arndt,
Cohen, Alliger, Swayze, & Andreasen, 1991) were found to be .91 and .92 for the right and
left hippocampus and .88 and .89 for the left and right amygdala, respectively).

Whole brain volume (WBV) was included as a covariate in the statistical analysis to control
for scaling effects within the brain (Arndt et al., 1991). This measure included total cerebral
tissue (TCT) (the total volume of all gray and white matter), ventricular cerebrospinal fluid
(CSF), and CSF spaces within the brain (cisterns, fissures, and cortical sulci). CSF was
incorporated into WBV using a connected components analysis (the ANALYZE subroutine
“delete holes”) to minimize any effects of age-related cortical atrophy in measures from older
subjects (Fig. 1).

2.4. Cognitive measures
FSIQ was estimated by prorating two performance (block design and object assembly) and
three verbal (information, digit span, and vocabulary) age-scaled subtest scores of the Wechsler
Adult Intelligence Scale-Revised (WAIS-R.) (Wechsler, 1981). Typically these measures
exhibit more than 97% correlation with full-scale IQ based on all 11 subtests of the WAIS-R.
These estimates indicated that the 34 participants were of above-average intelligence
(Performance IQ = 120.3 ± 15.9; Verbal IQ = 128.1 ± 17.4; FSIQ = 127.2 ± 15.0). Two
participants failed to complete the battery of IQ subtests: one subject was lacking the block
design and the other the object assembly.

2.5. Statistical analyses
We calculated partial correlation coefficients to assess the associations of amygdala and
hippocampus volumes with IQ measures adjusted for WBV, age, gender, and SES. Secondary
exploratory analyses to test for regional and hemispheric specificity were conducted by
comparing within each hemisphere the partial correlation coefficients calculated for the
amygdala and hippocampus (e.g., correlations for the left amygdala were compared with
correlations for the left hippocampus). The hemispheric specificity of the findings was assessed
by comparing correlation coefficients for a given region across hemispheres (e.g., correlations
for left amygdala were compared with correlations for the right amygdala). Correlation
coefficients were compared with statistical t-tests for intercorrelated variables (Cohen, Cohen,
West, & Aiken, 2003).

Our a priori hypothesis was that hippocampus volumes would correlate significantly with full-
scale IQ scores. Post-hoc analyses were conducted to explore which cognitive subprocesses
(IQ subtests) contributed the most to the hypothesized association of volumes with IQ.
Additional exploratory analyses were conducted and included assessment of the associations
of IQ measures with WBV, TCT, and total cortical gray matter. Statistical analyses were
performed using SPSS version 9.0 (SPSS Inc., Chicago, ILL), and all p-values were 2-sided.
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2.6. Surface analysis
We used multiple variable linear regression to assess whether focal deviations in surface
contours of the amygdala and hippocampus in our sample were associated with FSIQ compared
with canonical templates. First, the cerebrums of all subjects were coregistered to the cerebrum
of a single representative healthy subject (the template brain) using a rigid-body similarity
transformation (3 translations, 3 rotations, and a global scale); these parameters of
transformation were estimated while maximizing mutual information (Wells, Viola, Atsumi,
Nakajima, & Kikinis, 1996) across the gray-scale values of the brains compared with that of
the template. The amygdala and hippocampus of each subject were then individually rigidly
coregistered to the corresponding structures of the template brain to further improve
registration. Point-to-point correspondences between surfaces of the subject and template
amygdala and hippocampus were then identified using a method of registering gray-scale
values based on fluid dynamics (described elsewhere) (Bansal, Staib, Whiteman, Wang, &
Peterson, 2005). Finally, we calculated the signed Euclidean distances between the
corresponding points of the structures for each subject and the template brain, with positive
and negative values indicating, respectively, the presence of an outward or inward surface
deformation. To control for the effects of covariates (age, sex) on surface morphology, we
performed an analysis using multivariate, linear regression (Rosner, 1995) at each point on the
reference surface: di = β0 + β1 × FSIQ + β2 × Age + β3 × Sex; ∀i = 1, … , 32, where di was
the set of signed Euclidean distances from the surface of the reference structure. We computed
the correlation between the distances and FSIQ, and we evaluated the p-value of this correlation
using a Student’s t-test. Color-coded p-values were then displayed across the entire surface of
the reference structure (Fig. 3).

We used the theory of Gaussian Random Fields (GRFs) (Adler, 1981) to compute the corrected
p-value that appropriately accounts for the multiple correlations computed at each voxel on
the surfaces of each structure (Bansal, Staib, Xu, Zhu, & Peterson, 2006). We first computed
at each point a Student’s t-statistic, which was then converted to a z-statistic from the Gaussian
distribution. Next, for the random field f defined on the surface, we calculated the expected
value of the Euler Characteristic (EC) by appropriately smoothing the random field. The
expected EC then determined the points on the surface where the z-statistic differed from zero
at a prespecified level of significance (p = .05 − .0001), thereby identifying locations of
statistically significant correlations of local morphology with IQ at the surface of each structure
(Taylor & Adler, 2003).

3. Results
3.1. Amygdala

We detected no significant correlation of FSIQ or its subtests with volumes of the amygdala
using either overall volume or analyses of the surface of this structure (Table 1).

3.2. Hippocampus
We detected a statistically significant inverse correlation of overall hippocampus volume
(summed across the left and right sides) with FSIQ (r = −.49, p < .007). Secondary exploratory
analyses showed that this correlation of IQ with hippocampus volume was present bilaterally
[left; r = −.43, p < .02 and right; r = −.47, p < .01]. VIQ and PIQ, the two components of FSIQ,
each contributed to this correlation with FSIQ. VIQ correlations with hippocampus volumes
were significant only in the left hemisphere, whereas PIQ correlations were significant only in
the right hemisphere (Table 1). The hemispheric specificity of the PIQ correlation was
supported in a comparison of correlation coefficients of PIQ with hippocampus volumes across
hemispheres [t = 2.1, p < .05], whereas a comparison of the correlation coefficients of VIQ
with hippocampus volumes across hemispheres was not significant [t = −.50, p = .62].
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Comparing the correlation coefficients of IQ with hippocampus or amygdala volumes within
the same hemisphere generally demonstrated that these findings were specific to the
hippocampus (i.e., they were significant in the hippocampus but not in the amygdala, and these
correlations of volume with FSIQ differed significantly across regions) both in the left (t = 2.5,
p < .03) and right hemisphere (t = 2.6, p < .02) (Fig. 2).

Surface analyses revealed that IQ correlated strongly and inversely with surface morphology
over extensive portions of the anterior aspect of the hippocampus bilaterally, indicating that
higher IQ accompanied an inward deformation, or a localized reduction in volume, of the
surface of the structure (Figs. 3 and 4). IQ correlated with much smaller areas of surface
morphology in scattered portions of the posterior hippocampus.

3.3. Assessment of possible confounds
WBV was included in the correlation analyses as a covariate to control for scaling effects within
the brain. WBV, indeed, correlated significantly with regional volumes in this data set [left
amygdala r = .31, p = .02; left hippocampus r = .37, p = .006; right amygdala r = .33, p = .01;
right hippocampus r = .43, p = .001], consistent with the presence of generalized scaling effects
in the amygdala and hippocampus. Inclusion of WBV in the analyses, however, could
conceivably have destabilized the regression equations, thereby introducing spurious
correlations of regional volumes with measures of cognition. We therefore assessed all
correlations using the same covariates as before, but excluding WBV. The results were
unchanged.

Additionally, we assessed the correlations of IQ and its subtests with WBV and total cerebral
volume (TCV), defined as total cerebral gray and white matter combined, to ensure that
previously reported positive correlations of IQ with overall brain size were not driving the
observed associations of IQ with hippocampus volumes; none of the IQ measures correlated
significantly with WBV or TCV. Sequentially partialing out other covariates, such as age,
gender, and SES, did not affect the overall trend of correlations of volumes with FSIQ.

4. Discussion
The major finding of this study was a significant inverse correlation of FSIQ with volumes of
the hippocampus bilaterally. Furthermore, post-hoc analyses suggest that this correlation was
attributable to the correlation of VIQ with volumes of the left hippocampus and the correlation
of PIQ with volumes of the right hippocampus. These brain-behavior correlations were
independent of the effects of gender, age, SES, and WBV. Finally, higher IQ was strongly
associated with bilateral inward deformations in the surface contour of the anterior
hippocampus (Figs. 3 and 4), which we attribute to locally reduced volumes, possibly within
the dentate gyrus and cornu ammonis, which constitute most of the volume of the anterior
hippocampus (Amunts et al., 2005;Duvernoy, 1988).

Statistical tests for intercorrelated variables indicated that all of these correlations of IQ scores
with hippocampus volumes differed significantly from the correlations of IQ with amygdala
volumes, which themselves were not statistically significant. Thus, the morphological
correlates of IQ in these regions were highly specific to the hippocampus. In addition,
significant correlations of VIQ and PIQ with left and right hippocampus volumes, respectively,
suggested that the contributions of the hippocampus to intelligence within each hemisphere
may be specific to particular cognitive domains, with more verbal functions based within the
left hemisphere and more visuospatial (i.e., performance-based) functions located within the
right hemisphere (Table 1).
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4.1. Regional and hemispheric specialization
Historically, postulates of hemispheric and regional specialization of human intellectual
abilities have been based on the specificity of cognitive deficits that accompany differing types
and locations of brain lesions. For example, left hemisphere lesions in parietotemporal cortices
tend to impair verbal abilities, whereas right hemisphere lesions there tend to impair
visuospatial abilities (Milner, 1971). The validity of the claim for regional and hemispheric
specificity of functional deficits associated with brain lesions has received increasing support
more recently from studies of functional deficits caused by small seizure foci or by surgically
induced lesions in the mesial-temporal lobe (Jones-Gotman, 1986; Katz et al., 1989; Loring &
Meador, 2001; Sass et al., 1990; Sass et al., 1991; Trenerry et al., 1993). Similar hemispheric
specialization of medial-temporal lobe structures in subserving verbal and nonverbal tasks has
been demonstrated in functional MRI studies (Kelley et al., 1998; Kirchhoff, Wagner, Maril,
& Stern, 2000; Wagner et al., 1998) and PET studies (Haier et al., 1992), both of which showed
selective activation of the right hippocampus during visuospatial tasks. Hemispheric
specialization has also been suggested in magnetoencephalography studies that show activation
of the left hippocampus during word recognition and activation of the right hippocampus during
visual recognition tasks (Breier, Simos, Zouridakis, & Papanicolaou, 1999; Papanicolaou et
al., 2002). Consistent with this specialization of function across cerebral hemispheres in the
mesial temporal lobe, we found that PIQ correlated significantly and more strongly with
hippocampus volume in the right than in the left hemisphere. Although VIQ did correlate
significantly with hippocampus volumes in the left hemisphere, comparing across hemispheres
the correlation coefficients for VIQ with hippocampus volumes did not provide evidence for
hemispheric specificity. Thus, our findings supported prior claims for a relative specialization
of the right hippocampus in visuospatial processing, but they did not provide strong support
for claims of specialization of the left hippocampus in verbal processing. Our comparisons of
the correlation coefficients of IQ with hippocampus and amygdala volumes within the same
hemisphere, however, did generally demonstrate that the correlations of IQ with regional
volumes were specific to the hippocampus.

The inverse correlations of IQ with surface morphology of the anterior hippocampus suggests
that the functions that the anterior hippocampus subserves may play a particularly important
role in supporting other, more general, cognitive processes within the central nervous system.
The anterior hippocampus is thought to encode spatial and temporal relationships among
sensory experiences (Agster, Fortin, & Eichenbaum, 2002; Bast & Feldon, 2003; Huerta, Sun,
Wilson, & Tonegawa, 2000; Shors, 2004), which the posterior hippocampus then consolidates
for storage in long-term memory (Kandel, 2001; Strange & Dolan, 1999). The anterior
hippocampus works within a distributed network that includes the prefrontal cortex to encode
these temporal relationships into a serial ordering of events (Agster et al., 2002; Beiser & Houk,
1998; Eichenbaum, 2000; Shapiro & Eichenbaum, 1999). The serial order of sensory
experience in humans may contribute to the prominent role that the anterior hippocampus is
thought to play in indexing novelty, in detecting change, and in exploring new environments
(Dolan & Fletcher, 1997; Strange & Dolan, 1999; Strange, Fletcher, Henson, Friston, & Dolan,
1999; Tulving, Markowitsch, Craik, Habib, & Houle, 1996).

4.2. Possible ultrastructural determinants
We cannot identify definitively the neurobiological mechanisms or the ultrastructural features
of the hippocampus that account for smaller regional and subregional volumes within its
anterior portions accompanying enhanced cognitive abilities. However, a growing body of
evidence suggests that the developmental processes of neurogenesis, apoptosis, and dendritic
pruning are promising candidates for the processes that contribute to the morphological
correlations with IQ (Thompson et al., 2001). Neurogenesis in perinatal and early adult life,
modulated by environmental stimulation, increases volume in the dentate gyrus of the
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hippocampus in mammals and primates (Kempermann, Kuhn, & Gage, 1997; Kornack &
Rakic, 1999; van Praag, Kempermann, & Gage, 2000). During early postnatal life, apoptosis
(Simonati, Rosso, & Rizzuto, 1997; Williams & Rakic, 1988) and pruning of both redundant
neuronal processes and non-functional dendritic synapses (Herschkowitz, 1988; Huttenlocher,
1979; Huttenlocher, De Courten, Garey, & van der Loos, 1982; Purves & Lichtman, 1980) are
probably the most significant determinants of regional volumes. By eliminating redundant
neuronal processes, dendritic branches, and supernumerary synaptic spines, pruning supports
learning and development of psychomotor skills (Bock & Braun, 1998; Bock & Braun,
1999; Nixdorf-Bergweiler, Wallhausser-Franke, & DeVoogd, 1995; Rakic, Bourgeois, &
Goldman-Rakic, 1994; Rausch & Scheich, 1982; Rollenhagen & Bischof, 1994; Wallhausser
& Scheich, 1987). Moreover, human postmortem studies of the cerebral cortex have
demonstrated a 40–50% decrease in synaptic density in frontal and parietal cortices between
infancy and late adolescence (Huttenlocher, 1979; Huttenlocher, 1984; Huttenlocher & de
Courten, 1987). Anatomical imaging studies have demonstrated age-related reductions in gray
matter in these regions throughout childhood and adolescence (Sowell, Thompson, Holmes,
Jernigan, & Toga, 1999; Sowell et al., 1999), the period when cognitive abilities develop most
rapidly (Sowell, Delis, Stiles, & Jernigan, 2001; Sowell, Thompson, Tessner, & Toga, 2001).
Brain enlargement, potentially caused by faulty synaptic pruning or apoptosis, has been
associated with neuropsychiatric disorders such as autism and some forms of mental retardation
(Fiala, Spacek, & Harris, 2002; Hazlett et al., 2005; Schumann et al., 2004). Given the
importance of synaptic pruning to the developmental and plastic processes that support normal
cognitive functioning, we hypothesize that a smaller anterior hippocampus accompanies higher
IQs in our sample because this region contains simplified and functionally more efficient
neuronal networks, with redundant neuronal collateral connections having been eliminated
successfully through pruning.

4.3. Relation to prior studies
The inverse correlations that we detected between hippocampus volumes and IQ differ from
the positive correlations of hippocampus volumes with IQ that were detected in a previous
study of 67 healthy adults (Andreasen, Flaum, Swayze, O’Leary, et al., 1993). This discrepancy
is likely attributable to the vastly differing imaging methods used in the two studies. The prior
study used brain images with low-resolution and poor contrast, and gaps between slices
excluded more than a third of the hippocampus from measurement, perhaps missing the anterior
hippocampus, which our analyses indicated contributed most strongly to the inverse
correlations of overall hippocampus volumes with IQ. Moreover, brain images in the prior
study were not reformatted to a standard orientation, and measurement reliability (r = .53) was
unacceptably poor. The images used in the present study, on the other hand, included the entire
hippocampus, they provided excellent tissue contrast and high-resolution, brain positioning
was standardized, and consequently the reliability and validity of our morphological
measurements were high. Finally, the findings of our study are consistent with a recent meta-
analysis that showed an association of enhanced memories and cognitive abilities with smaller
hippocampus volumes in a young adult population (van Petten, 2004).

4.4. Limitations
Our finding of an inverse correlation of hippocampus volumes with IQ does not necessarily
indicate a direct causal link between a smaller hippocampus and greater intelligence. The
inverse correlation between these measures could instead conceivably arise from increased
volumes of the hippocampus in individuals who have lower IQs—perhaps hypertrophy of the
hippocampus, for example, represents a long-term plastic response to the presence of
suboptimal performance of a larger, more distributed neural system that subserves higher
cognitive abilities. Alternatively, the inverse correlation could arise from the correlation of
both volumes and cognitive measures with a third, unknown variable. Finally, the
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generalizability of our findings may be limited, as they may be specific to adults with above-
average intelligence, who were overrepresented in our sample.

5. Conclusion
Findings of the present study suggest that the hippocampus, but not the amygdala, contributes
significantly to the neural processes underlying human intellectual abilities. Extensive clinical
and preclinical studies of the hippocampus suggest that developmental and plastic influences
on neural pruning within the hippocampus increase its functional efficiency. These influences
seem to be the most likely explanation for the inverse correlations of volume with IQ that we
observed. This association with enhanced intellectual abilities is most prominent in the anterior
aspect of the hippocampus.
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Fig. 1.
Manual definition of the amygdala and hippocampus. Left: coronal (top) and sagittal (bottom)
brain slices through amygdala (red/purple) and hippocampus (green/blue). Right: three-
dimensional volume rendering with 90° degree rotations from anterior to left lateral view. (For
interpretation of the references in color in this figure legend, the reader is referred to the web
version of this article.)
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Fig. 2.
Correlations of hippocampus volumes with IQ. FSIQ, full-scale IQ; VIQ, verbal IQ; PIQ,
performance IQ; β, standardized regression coefficient for multiple linear regression models,
with volumes adjusted for age, gender, and whole brain volume (n = 32).
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Fig. 3.
Correlations of hippocampus surface morphology with IQ. A color map of the hippocampus
that shows significant, GRF-corrected correlations (p ≤ .05) of inward (purple) and outward
(red) deformations of the hippocampus surface with IQ. A, anterior; P, posterior.
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Fig. 4.
Scatterplot of hippocampus surface morphology with IQ. Medial view of right hippocampus:
a color map of the significant correlations of IQ with deformations in its surface contour
correlating inversely with IQ. The box shows the scatter plot of residuals of IQ values and
distances associated with the point on the surface of the hippocampus that is indicated by the
arrow. β, standardized regression coefficient for a multiple linear regression model in which
distance from the template hippocampus was entered as the dependent variable, IQ was entered
as the independent variable, and age, gender, and whole brain volume were covariates.
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