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Abstract
Background—Research in animal models has demonstrated that elevated levels of glucocorticoids
can inflict damage within the hippocampus. In adult humans, elevated cortisol levels have been
associated with reduced hippocampal volumes; however, normative data in children are not available.
The objective of this study was to examine possible associations of serum cortisol levels with
hippocampal volumes and morphology in healthy children.

Methods—Morning serum cortisol levels and hippocampus magnetic resonance imaging were
measured in 17 healthy children (8 girls, 9 boys) between 7 and 12 years of age.

Results—Cortisol levels were not associated with total hippocampal volumes; however, with an
analysis of surface morphology, significant associations were found for regionally specific portions
of the hippocampus. Positive associations were detected for the anterior segment of the hippocampus
and inverse associations along the lateral aspects of the hippocampus.

Conclusions—Associations of cortisol levels with regionally specific variations in hippocampal
morphology were detected during early development in healthy preadolescent children.
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The hypothalamic–pituitary–adrenal (HPA) axis regulates the secretion of glucocorticoids
including cortisol. Chronic stress produces a prolonged activation of the HPA axis and
sustained elevations in glucocorticoid levels (Johnson et al 1992). Excess glucocorticoids have
damaging effects in the nervous system and can lead to adverse structural and functional
changes in the brain (Sapolsky 2000). Chronically elevated glucocorticoid levels can inflict
neuronal damage within the hippocampus, apparently through stimulation of glucocorticoid
receptors in this region (Young and Vazquez 1996). More specifically, studies in experimental
animals have demonstrated that glucocorticoids can decrease the length and branching of
dendrites, inhibit neurogenesis, increase vulnerability to neurotoxicity, and induce cell death
in the hippocampus (McEwen 1999; Sapolsky 2000).

These preclinical findings have led to studies assessing the influence of elevated cortisol on
the morphology of the human hippocampus. Healthy elderly subjects whose cortisol levels
increased over a period of 5 years had reduced hippocampal volumes, with the magnitude of
reduction correlating with the increase in cortisol (Lupien et al 1998). Much of the research on
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the association of cortisol with hippocampus morphology has focused on patients with
depression or other syndromes associated with hypercortisolism. Although results have not
been entirely consistent (Vythilingam et al 2004), patients with major depression seem to have
elevated cortisol levels and smaller hippocampal volumes compared with healthy control
subjects (Bremner et al 2000; Campbell et al 2004; Sheline et al 1996). Still debated, however,
is how the duration of the illness and hypercortisolism relates to hippocampal atrophy.
Hippocampal volumes were not smaller in adult patients experiencing a first episode of
depression, but volumes were reduced in patients who had multiple past episodes (MacQueen
et al 2003). In contrast, Frodl et al (2002) found that hippocampal volumes of adult patients
with major depression were reduced during the first episode compared with volumes in healthy
control subjects, and a reduction in hippocampal volume was already detectable in children
and adolescents with early onset depression (MacMaster and Kusumakar 2004; MacMillan et
al 2003). The most direct association of cortisol level and hippocampal size with mood disorder
has been demonstrated in two cohorts of patients with asthma and rheumatic diseases (Brown
et al 2004). Non-psychiatric patients with asthma and rheumatic disease who received chronic
corticosteroid treatment had a smaller hippocampus and more severe symptoms of depression
than patients with the same medical conditions who had not received steroid therapy (Brown
et al 2004).

In contrast to this large body of research in adults, little is known about the association of
glucocorticoids with hippocampus size in children. It has been proposed that glucocorticoids
could affect the development of the hippocampus (Cicchetti and Rogosch 2001; Goodyer et al
2001) and that such neural alterations could either increase the risk of developing mood and
anxiety disorders later in life or make a child more vulnerable to subsequent stress (Bremner
and Vermetten 2001; Heim and Nemeroff 2001; Penza et al 2003). The aim of the present study
was to provide normative data on the relationship between cortisol and hippocampus size in
healthy preadolescent children. We hypothesized that cortisol levels would correlate inversely
with hippocampal volumes. Hippocampus surface morphology has previously been shown to
be more sensitive than volumetric measures for detecting differences (Posener et al 2003). We
therefore also used surface morphometry to determine associations between cortisol levels and
shape of the hippocampus surface.

Methods and Materials
Seventeen children between 7 and 12 years of age were included in the present study (8 girls,
9 boys). They were recruited from random mailings and follow-up telephone calls to randomly
selected families on a list purchased from a telemarketing company. Subjects did not meet the
DSM-IV criteria for a current Axis I disorder and did not have a lifetime diagnosis of tic
disorder, obsessive-compulsive disorder, attention-deficit/hyperactivity disorder, psychotic
illness, or a history of developmental delay, seizure, head trauma with loss of consciousness,
any current or prior substance abuse, or IQ below 80. Written informed consent was obtained
for all participants. The human investigation committees at Yale School of Medicine, New
Haven, Connecticut, and New York State Psychiatric Institute, New York, New York,
approved the study.

Blood was obtained in the morning between 9:30 and 10:30 AM from the antecubital vein. Serum
or plasma was prepared by centrifugation and the samples stored at −70°C to −80°C until
analyzed with a radioimmunometric assay kit (Diagnostics Products, Los Angeles, California).
Cortisol levels of high- and low-concentration quality assessment samples were determined
with within-day coefficients of variation (CVs) of 2.1% and 5.2%, respectively, and with day-
to-day CVs of 4.5% and 7.2%, respectively.
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The study included only subjects who were scanned within 3 months of blood collection to
ensure temporal association between glucocorticoid levels and hippocampal size. The high-
resolution magnetic resonance imaging scans were obtained with a single 1.5-T scanner (GE
Signa, Milwaukee, Wisconsin). Head positioning was standardized with canthomeatal
landmarks. Brain scans were acquired with a sagittal three-dimensional volume spoiled
gradient echo sequence (repetition time, 24 msec; echo time, 5 msec; flip angle, 45°; frequency
encoding superior/inferior; no wrap; 256 × 192 matrix; field of view, 30 cm; two excitations,
slice thickness, 1.2 mm; and 124 contiguous slices encoded for sagittal slice reconstruction;
voxel dimensions, 1.17 × 1.17 × 1.2 mm).

Region Definition
Morphometric analyses were performed on Sun Ultra 10 workstations with ANALYZE 7.5
software (Biomedical Imaging Resource, Mayo Foundation, Rochester, Minnesota). The
hippocampus was manually traced while blind to participant characteristics and hemisphere
(images were randomly flipped in the transverse plane). Large-scale variations in image
intensity were removed, and images were reformatted to standardize for head flexion, rotation,
and tilt before region definition. Methods for definition of the hippocampus in this orientation
were performed as described previously (Kates et al 1997). Intrarater and interrater reliabilities
of the morphometric measurements were .94 and .91.

Statistical Analyses of Conventional Volumetric Measures
To control for the generalized scaling effects within the brain, whole brain volume was
calculated for use as a covariate in the statistical analysis. This measure included gray and
white matter, ventricular cerebrospinal fluid, and cerebrospinal fluid spaces within the brain.
We tested our a priori hypothesis that basal cortisol levels would correlate inversely with
hippocampal volumes with multiple linear regressions in which hippocampus volume was the
dependent variable and cortisol level was the independent variable. To assess their influence
on hippocampus volume, age and gender were used as covariates and whole brain volume was
included to control for scaling effects.

Analysis of Surface Morphology
We next assessed whether focal variations within the surface of the hippocampus were
associated with cortisol. This analysis used multivariable linear regression to correlate cortisol
levels with deviations in the contours of the surfaces of the hippocampi from a canonical
reference hippocampus, while covarying statistically for age and gender.

The distance of each point on the surface of the hippocampus of each subject from the
corresponding point on the hippocampus of a reference subject was computed as follows (see
Bansal et al 2005):

1. The entire cerebrum of each subject was co-registered with the cerebrum of the
reference subject with a similarity transformation, in which the parameters of
transformation (three translations, three rotations, and global scaling) were estimated
under the constraint that the mutual information (Viola and Wells 1995) in gray scale
values across the two brains was maximized. Thus, in this step, subject brains were
transformed into the general coordinate space of the reference brain.

2. These estimated transformation parameters were used to transform the manually
delineated hippocampus from each subject into this general coordinate space. Note
that the global scaling parameter in the registration process for the entire cerebrum in
Step 1 has been applied to each hippocampus, thereby accounting for scaling
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differences in this structure and obviating any need to covary for overall brain size in
these analyses.

3. The transformed hippocampus of each subject was then individually and rigidly co-
registered to the corresponding (left- or right-sided) hippocampus of the reference
brain to further refine and improve the rigid body registration of these structures.

4. The principles of fluid dynamics, which minimize the differences in the gray scale
values across two sets of images (Bansal et al 2005), were then invoked to impose a
high-dimensional, nonlinear (and nonrigid) warping of the hippocampus from each
subject to the corresponding hippocampus of the reference brain. A warped subject
hippocampus will be exactly the same size and shape as the reference hippocampus,
permitting identification of precisely corresponding points on the surfaces of the
subject and reference hippocampi.

5. The warped hippocampi were unwarped into the refined coordinate space identified
in Step 3 by simply reversing the high-dimensional, nonlinear warping performed to
identify point correspondences in Step 4 but bringing along with the surface the labels
that identified corresponding points on the surfaces of the subject and the reference
hippocampi.

6. Finally, we calculated the signed Euclidean distances between the corresponding
points of the hippocampi in the brains of our subjects and the corresponding
hippocampus of the reference brain. Distances were either positive (outward
deviations) or negative (inward deviations). To control for the effects of covariates
(age, gender) on surface morphology, we performed a multivariate, linear-regression
analysis (Rosner 1995) at each point on the reference surface:

where di was the set of signed Euclidean distances. We computed the correlation between the
distances and cortisol levels, and we evaluated the p-value of this correlation with a Student's
t test. Color-encoded p-values were then displayed across the entire surface of the reference
structure.

Note that detecting, localizing, and interpreting the statistically significant differences between
groups of subjects in these surface analyses could conceivably depend on the choice of subject
to be designated as the reference. Therefore, in the steps outlined above to determine point
correspondences between subject and reference hippocampi, we first selected as a reference a
subject who demographically was as representative as possible of the children being studied.
The brains for all remaining subjects were co-registered to this preliminary reference. The point
correspondences on the surfaces of their hippocampi were determined, and we computed
distances between the corresponding points. Then the brain for which all points across surface
of its subcortical structure were closest, in terms of least squares, to the average of the computed
distances was selected as the final reference brain. The registration process, the determination
of point correspondences, and the calculation of distances across surfaces were then repeated
for all subjects in the sample relative to this final reference brain.

Results
Serum cortisol levels and volumes of the hippocampus varied between children, but in this
sample neither variable correlated significantly with age (r = 23, p < .4; r = 28, p < .3,
respectively; Figure 1). Regression analyses detected no significant association between
cortisol levels and total hippocampal volumes (β = − .24, p < .4; Figure 2). Cortisol levels were

Wiedenmayer et al. Page 4

Biol Psychiatry. Author manuscript; available in PMC 2008 May 5.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



also not associated significantly with left (β = −.20, p < .4) or right (β = −.26, p < .3)
hippocampal volumes. No significant gender influences were found.

Analyses of surface morphometry, however, detected significant associations between cortisol
levels and regions within the hippocampus, mainly for the right hippocampus. Significance
levels are depicted in Figure 3 with a color scale. Positive associations indicate outward
deformations, and inverse associations indicate inward deformations with increasing cortisol
levels. Positive associations were found focally for the anterior segment of the hippocampus
(Figure 3, in red), corresponding to the CA3 and dentate gyrus subfields. Inverse associations
were found along the lateral aspects of the anterior, medial, and posterior segments of the
hippocampus and were most pronounced in the medial segment (Figure 3, in purple),
corresponding particularly to the CA1 subfield. No significant influences of gender or age were
detected.

Discussion
Serum cortisol levels were not associated with overall volumes of the hippocampus in healthy
children 7–12 years of age with conventional volumetric measurements; however, when using
a more detailed analysis of surface morphology, significant regionally specific associations
were detected, indicating that such associations can occur within more localized subregions of
the hippocampus in healthy children.

Levels of morning serum cortisol and overall volumes of the hippocampus varied considerably
between subjects, but they did not correlate with age. The few studies on serum cortisol in
healthy children between the ages of 2 and 18 years reported similar large interindividual
variability and also failed to find correlations with age (Guazzo et al 1996; Knutsson et al
1997). In contrast, studies that measured cortisol in saliva samples in children have found age-
related increases (Lupien et al 2001), with the most prominent age associations occurring
between years 10 and 12 (Lupien et al 2001) and during adolescence (Netherton et al 2004;
Walker et al 2001). Given the high intercorrelation of serum and saliva cortisol levels reported
in children (Goodyer et al 2001), the reason for this discrepancy in findings of age associations
across studies remains unclear. Similar to our study, no age effect on hippocampal volume was
detected in 13–18-year-old healthy children and adolescents (MacMaster and Kusumakar
2004). Another study that measured changes in hippocampal volume in children found a sharp
increase until 2 years of age, followed by a slow increase until adolescence (Utsunomiya et al
1999). This age effect disappeared when age-related increases in overall volume of the temporal
lobes were taken into account (Utsunomiya et al 1999). The absence of significant correlations
of age with cortisol levels and overall hippocampal volumes in our study might be attributed
to our use of a cohort of exclusively preadolescent children with a relatively narrow range of
ages.

Convergent evidence suggests the presence of an inverse association of circulating cortisol
levels and overall hippocampal volumes in both healthy and psychiatrically ill adults, although
the underlying mechanisms responsible for these associations are debated (Lee et al 2002;
Lupien et al 2005; Sapolsky 2000). Herein we report for the first time that basal cortisol levels
are associated with local variation in surface morphology of the hippocampus in healthy
children. Cortisol levels correlated inversely with focal volumes in lateral aspects of the
anterior, medial, and posterior segments of the hippocampus, corresponding to the CA1
subfield (Duvernoy 2005); however, contrary to adult findings and our prediction, cortisol
levels correlated positively with local volumes in the anterior hippocampus, corresponding to
the CA3 and dentate gyrus subfields (Duvernoy 2005). Glucocorticoid receptor distribution
has been described in adult hippocampus, with the dentate gyrus expressing higher receptor
messenger RNA levels than CA subfields (Webster et al 2002). But associations of cortisol
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levels or receptor distribution with surface morphology have not been reported in adults, and
so we do not know whether this pattern of correlations in children is similar to patterns that
might be discerned in adults.

Findings from animal studies have been used to explain the reduction of hippocampus volumes
in humans. Elevated glucocorticoid levels reduce neurogenesis and cell survival in the dentate
gyrus and remodel CA3 pyramidal cells by decreasing the length and branching of apical
dendrites (McEwen 2000; Sapolsky 2000). These results from preclinical studies stand in
contrast to our findings of positive correlations of surface morphology with cortisol levels in
human children (i.e., greater protrusion over the CA3 and dentate gyrus subfields
accompanying more cortisol). CA1 dendrites seem to be less vulnerable to glucocorticoids,
and stress-induced remodeling in this subfield has been described only occasionally (Sousa et
al 2000), in modest agreement with our findings in human children. The cellular glucocorticoid-
related processes that contribute to differential changes in volumes of the human hippocampus
remain to be identified.

Normal childhood development is characterized by extensive maturation of the forebrain,
including changes in the numbers of synapses, gray matter density, and myelination (Gogtay
et al 2004; Huttenlocher and Dabholkar 1997; Paus et al 1999; Sowell et al 2003). These
maturational and plastic features of brain development might help to compensate for the
adverse effects of stress hormones on neural architecture. Severe early life trauma, for example,
is associated with hypercortisolism (Cicchetti and Rogosch 2001; De Bellis et al 1999;
Delahanty et al 2004), and yet children with posttraumatic stress disorder after maltreatment
do not seem to have smaller hippocampi (Carrion et al 2001; De Bellis et al 2002).
Alternatively, developmental changes could render the growing hippocampus more vulnerable
to glucocorticoid-induced injury (Bremner and Vermetten 2001; Cicchetti and Rogosch
2001; Goodyer et al 2001), as evidenced by findings from imaging studies that adult women
who were sexually abused as children had a smaller hippocampus compared with women
without a history of abuse (Stein et al 1997; Vythilingam et al 2002). Similarly, adolescents
with bipolar disorder had a similar or greater reduction in hippocampus volumes compared
with adults with this illness (Blumberg et al 2003). Whether the associations of cortisol with
local deformations of the hippocampus in the children of the present study reflect compensatory
processes, markers for early neurodevelopmental insult, or predispositions to future illness
remains to be determined.

Our findings have several implications. First, surface morphometry might provide a more
detailed assessment of associations between cortisol and local features of hippocampus
morphology than do more conventional measures of overall volume. Previous studies that
examined only overall volumes and failed to detect significant associations with glucocorticoid
levels should be reconsidered. Second, the hippocampus is not a unitary structure.
Anatomically, the hippocampus can be divided into at least three different segments: an anterior
head, a medial body, and a posterior tail (Duvernoy 2005). These subdivisions process
information through topographically organized parallel pathways (Witter et al 2000). Recently,
these subdivisions have been proposed to underlie different functions of the hippocampus,
particularly memory-related and emotional processes (Bannermann et al 2004). Supporting
this view, functional imaging studies in healthy adults have demonstrated that the anterior and
posterior hippocampus is differentially activated during episodic learning (Strange et al
1999; Zeineh et al 2003). Other studies have found associations of regionally specific increases
in volume with memory performance, with the size of the posterior hippocampus correlating
with spatial learning (Maguire et al 2000), and the size of the anterior portion correlating with
verbal memory performance (Hackert et al 2002). The subdivisions of the hippocampus also
seem to be differentially affected in psychiatric disorders, with the anterior but not the posterior
hippocampus being smaller in schizophrenic patients compared with healthy adults (Lee et al
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2004; Narr et al 2004; Pegues et al 2003), even though the overall volume of the hippocampus
was normal (Pegues et al 2003). Whether the hippocampus of children can also be segregated
into subdivisions that subserve differing cognitive functions is unknown.

In summary, cortisol levels were associated with regionally specific variations in the surface
morphology of the hippocampus but did not seem to be associated with changes in overall
volume of this structure in healthy preadolescent children. Our study has several limitations.
Serum cortisol was collected at a single time point in the morning. Interindividual differences
in healthy children, however, are sometimes only detectable when circadian profiles of cortisol
levels are assessed (Gunnar and Donzella 2002; Knutsson et al 1997). Another limitation is
the small sample size, and our conclusions should thus be considered preliminary. Further
research is needed to replicate and characterize the relationship between cortisol level and
surface topology of the hippocampus in children and adults and to determine the functional
consequences of the variations observed.
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Figure 1.
Serum cortisol concentrations (top) and hippocampal volumes (bottom) in healthy children.
Levels and volumes did not correlate significantly with age [r = .23, p > .4, and r = 28, p > .3,
respectively].
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Figure 2.
Serum cortisol concentrations and hippocampal volumes in healthy children, adjusted for the
covariates age, gender, and whole brain volume. Cortisol levels were not associated
significantly with hippocampal volumes (β = −.24, p > .4).
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Figure 3.
Statistical map showing focal associations between serum cortisol levels and structural
alterations of the hippocampus, visualized as significant levels for outward and inward
deformations. Scatterplots for two representative surface points are shown for the lateral aspect
of the medial segment (inverse association, top) and for the anterior segment (positive
association, bottom). The drawing of the internal structure of the hippocampus is adapted with
permission from Duvernoy 2005. DG, dentate gyrus; CA1, CA2, CA3, fields of the cornu
ammonis.
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