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Abstract: There are limited data available regarding the effects of age and sex on discrete prefrontal gray
and white matter volumes or posterior and anterior hippocampal volumes in healthy humans. Volumes of
the superior frontal gyrus, anterior cingulate gyrus, and orbital frontal lobe were computed manually from
contiguous magnetic resonance (MR) images in 83 (39M/44F) healthy humans (age range = 16-40) and seg-
mented into gray and white matter. Volumes of the posterior and anterior hippocampal formation were also
computed with reliable separation of the anterior hippocampal formation from the amygdala. There were
significant age-by-tissue type interactions for the superior frontal gyrus and orbital frontal lobe such that
gray matter within these regions correlated significantly and inversely with age. In contrast, no significant
age effects were evident within regional white matter volumes. Analysis of hippocampal volumes indicated
that men had larger volumes of the anterior, but not posterior hippocampal formation compared to women
even following correction for total brain size. These data highlight age effects within discrete prefrontal corti-
cal gray matter regions in young and middle aged healthy humans and suggest that the white matter com-
prising these regions may be more resistant to age effects. Furthermore, understanding the potential role of
sex and age in mediating prefrontal cortical and hippocampal volumes may have strong relevance for psy-
chiatric disorders such as schizophrenia that have implicated neurodevelopmental abnormalities within fron-
totemporal circuits in their pathogenesis. Hum Brain Mapp 34:2129-2140, 2013.  ©2012 Wiley Periodicals, Inc.
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INTRODUCTION

There are well established age-associated changes in
gray matter that occur across the lifespan with evidence
that older individuals activate different cortical networks
compared to younger individuals [Gunning-Dixon et al.,
2003]. Longitudinal MR imaging studies that included
individuals at the later stages of the lifespan suggest that
age-associated reductions in gray matter may be evident
across the entire cortex [Raz et al.,, 2005; Resnick et al.,
2003], although several studies noted that age effects may
be most robust in the prefrontal region [Allen et al., 2005;
Raz et al., 1997; Tisserand et al., 2003]. Furthermore, corti-
cal thinning has also been observed in adolescence and
young adulthood [Gur et al., 2002; Tamnes et al., 2010] as
well as among children and adolescents [Sowell et al.,
2001].

The role of sex differences in mediating gray matter
changes across the lifespan has produced discrepant find-
ings. Some work suggests that gray matter reductions are
more pronounced in men compared to women [e.g., Cow-
ell et al., 2007; Sullivan et al., 2004]. In contrast, however,
other investigators reported gray matter reductions across
the lifespan that were independent of sex [Allen et al.,
2005; Pfefferbaum et al., 1994]. Thus, although findings
have been contradictory, significant age-associated gray
matter reductions have been reported most reliably among
men. Fewer studies have been directed at understanding
the possible effects of age on the brain white matter,
although the prefrontal region may be most susceptible
[Gunning-Dixon et al., 2009]. There is some evidence that
white matter increases may occur through the fourth dec-
ade of life [Bartzokis et al., 2001]. Along these lines Ge
et al. [2002] reported that white matter volume loss was
delayed until middle adulthood and that effects appeared
to be independent of sex.

Some volumetric studies investigating the prefrontal cor-
tex may be limited by the use of gross neuroanatomic
regions that may be insensitive to subtle changes in re-
gional volume across the lifespan, although several
approaches have distinguished between lateral prefrontal
regions, anterior cingulate, and orbital frontal cortex [e.g.,
Raz et al., 1997, 2005; Salat et al., 2001; Tisserand et al.,
2000, 2002]. The examination of neuroanatomically defined
volumes of the superior frontal gyrus may be less well
studied, however. Perhaps the most general approach for
subdividing the brain consists of a dorsal/ventral division
[Altmann and Brivanlou, 2001; Campbell et al., 2003],
which may have important implications for frontal lobe
functioning [Stuss and Levine, 2002]. Furthermore, both
animal [Markham et al., 2007] and human [Peiffer et al.,
2009] data suggest that aging may differentially impact
dorsal versus ventral brain regions and thus, this distinc-
tion may be an important consideration in studies examin-
ing age effects on brain structure volumes. Similarly, we
[Christensen and Bilder, 2000; Szeszko et al., 1999a, 2000)
and others [Antonova et al., 2004; King et al., 2008] have

used the dual cytoarchitectonic trends theory [Sanides,
1969], which distinguishes between dorsal “archicortical”
and ventral “paleocortical” brain regions, as a framework
for understanding healthy human frontal lobe functioning
and associated cognitive dysfunction in psychiatric disor-
ders such as schizophrenia. Following this dorsal/ventral
distinction we investigated prefrontal volumes in this
study using an approach for cortical parcellation devel-
oped by Rademacher et al. [1992]. These methods have
been extended subsequently to reliably and validly subdi-
vide the brain white matter based on neuroanatomical
consideration of white matter tracts [Makris et al., 1999;
Meyer et al., 1999].

The majority of studies examining age and sex effects
on the hippocampus have examined it as a unitary struc-
ture. In several studies that examined sex effects robust
maturation of the human hippocampus was particularly
pronounced among males [Suzuki et al., 2005] with greater
hippocampal volume among men [Good et al., 2001; Raz
et al., 1997], although findings have not always been con-
sistent [Mu et al., 1999]. Additionally, in cross-sectional
studies Sullivan et al. [2005] reported no significant corre-
lations between age and hippocampal volume among men
or women, despite findings of significant age-associated
reductions in temporal volume. In contrast, Pruessner
et al. [2001] reported hippocampal volume reductions that
were most pronounced among men that began around the
third decade of life. Some work suggests, however, that
the long axis of the hippocampus is not homogeneous, but
may be comprised of functionally distinct subregions with
different connections [Fanselow and Dong, 2010; Friedman
et al.,, 2002]. Specifically, the dorsal hippocampus, corre-
sponding to the posterior hippocampus in humans [Sasaki
et al., 2004], appears to be connected with sensory cortical
areas including the parietal cortex and plays a role in spa-
tial learning [Moser et al., 1993]. In contrast, the ventral
hippocampus, which corresponds to the anterior hippo-
campus in humans [Fanselow and Dong, 2010], has strong
connections with the prefrontal cortex [Barbas and Blatt,
1995], may be associated with processing novel informa-
tion [Strange et al., 2005] and has been implicated in neu-
ropsychiatric disorders such as schizophrenia [Bilder et al.,
1995; Szeszko et al., 2002, 2003]. In one study examining
age-associated volumetric changes along the long axis of
the hippocampus in healthy humans Malykhin et al.
[2008] reported that changes were progressively more
severe from head to tail. In contrast, other work has not
implicated robust age effects in healthy humans in young
and early adulthood [Grieve et al., 2005; Sullivan et al.,
2005].

The goal of this study was to examine the differential
effects of age and sex on tissue type within prefrontal sub-
regions as well as posterior and anterior hippocampal vol-
umes in healthy young and middle-aged adults. We
investigated gray and white matter volumes of the supe-
rior frontal/anterior cingulate gyri and orbital frontal lobe
as probes of dorsal and ventral brain integrity, respectively
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to assess the potential differential effects of age in these
regions. We separated the anterior hippocampus from the
amygdala using a reliable approach that involved visualiz-
ing these structures in the three orthogonal planes. We did
not have any a priori hypotheses regarding potential sex
effects on the hippocampus, but consistent with prior pub-
lished work [e.g.,, Honeycutt and Smith, 1995] we did
hypothesize that hippocampal volumes would not be sig-
nificantly correlated with age in the range examined. We
hypothesized that there would be significant sex-by-age
effects within prefrontal gray matter regions comprising
both dorsal and ventral trends suggesting that age-associ-
ated decreases in gray matter would be most robust
among males.

MATERIALS AND METHODS

Subjects
Eighty-three (39M/44F) healthy volunteers were
recruited from local newspaper advertisements and

through word of mouth in the community. Healthy volun-
teers denied any history of Axis I psychopathology deter-
mined using the SCID nonpatient version and serious
medical conditions including Tourette’s, Huntington’s Dis-
ease, Parkinson’s Disease, encephalitis, strokes, aneurysms,
tumors, CNS infections, degenerative brain diseases, prior
psychosurgery and documented learning disabilities. All
procedures were approved by the North Shore—Long
Island Jewish Health System IRB and written informed
consent was obtained from all participants.

Magnetic Resonance (MR) Imaging Procedures

MR imaging exams comprised 124 images in the coronal
plane using a high resolution 3D-spoiled grass sequence
on a 1.5 Tesla GE system (General Electric, Milwaukee,
WI) yielding in-plane resolution of 0.86 mm x 0.86 mm in
a 256 x 256 matrix. All scans were reviewed clinically by
a neuroradiologist and none demonstrated gross pathology
(e.g., tumor). Scans were also reviewed by a member of
the research team, and any scan with significant artifacts
was repeated. All measurements were completed in
MEDx. No identifying information was available to the op-
erator from the scan. The images were aligned along the
anterior and posterior commissures for standardization
across subjects and flipped randomly in the right-left axis
so that the rater was blind to hemisphere.

Total Intracranial Contents

Measurement of total intracranial contents was com-
pleted in MEDx by computing the volume of the total cer-
ebrum, cerebrospinal fluid, cerebellum, and brainstem.
Interrater reliability between two raters as assessed by
intraclass correlations [ICCs]) in nine cases was 0.99.

Frontal Lobe Subregions

Measurement of the frontal lobe subregions was com-
pleted using methods described previously [Szeszko
et al.,, 1999a] that were adapted from Rademacher et al.
[1992] for use in our MR images. This method has been
used in our previous work [Szeszko et al., 2000, 2007,
2008b] and utilizes the cerebral sulci in combination with
a set of coronal planes that “close” the borders of selected
regions of interest. Intraclass correlations between two or
three operators for these brain structures (number of
cases ranged from 8 to 10) were (right hemisphere, left
hemisphere): anterior cingulate gyrus gray matter (0.90,
0.94), anterior cingulate gyrus white matter (0.94, 0.94),
superior frontal gyrus gray matter (0.92, 0.97), superior
frontal gyrus white matter (0.95, 0.95), orbital frontal lobe
gray matter (0.92, 0.99) and orbital frontal lobe white mat-
ter (0.94, 0.90). Volumes obtained in this study compare
favorably with prior work by our group investigating
frontal and hippocampal regions [e.g., Szeszko et al.,
2007, 2008a,b].

The boundaries of the superior frontal gyrus were (an-
terior, posterior, lateral, and medial): tip of the cingulate
sulcus, connection of the superior and precentral sulci,
superior frontal sulcus, and cingulate sulcus. The bounda-
ries of the anterior cingulate gyrus were (anterior, poste-
rior, ventral, and dorsal): tip of the cingulate sulcus,
connection of the superior and precentral sulci, callosal
sulcus and cingulate sulcus. The boundaries of the orbital
frontal region were (anterior, posterior, lateral, and
medial): last appearance of the anterior horizontal ramus,
last appearance of the olfactory sulcus, anterior horizontal
ramus/circular sulcus of insula and the olfactory sulcus.
One of the sulci required for measurement of the orbital
frontal region (i.e., the anterior horizontal ramus) was not
present in every hemisphere [Ono et al.,, 1990; Szeszko
et al., 1999b, 2007, 2008b] and thus, orbital frontal vol-
umes could not be computed for seven and six individu-
als for the right and left hemispheres, respectively. All
frontal regions were outlined manually in the coronal
plane on a slice by slice basis. A figure illustrating these
regions and their corresponding boundaries is provided
in Szeszko et al. [1999a]. After outlining the region an op-
erator segmented it into gray and white matter using a
thresholding algorithm [Otsu, 1979], as described previ-
ously [Lim and Pfefferbaum, 1989; Szeszko et al., 2007,
2008a,b]. The superior frontal gyrus gray matter corre-
sponded approximately to Brodmann areas 6, 8, and 9
whereas the white matter in this region was comprised
mainly of the superior longitudinal fasciculus and occipi-
tofrontal fasciculus. The anterior cingulate gray matter
included Brodmann area 24 and the white matter
comprised the cingulum bundle. The orbital frontal gray
matter corresponded approximately to Brodmann area
47 whereas the white matter was comprised mainly of
the wuncinate fasciculus and inferior fronto-occipital
fasciculus.
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Hippocampus-Amygdala Complex

Two contiguous portions of the hippocampus were
measured in each hemisphere: posterior hippocampus and
anterior hippocampus. Neuroanatomical boundaries were
based on operationalized criteria from postmortem histo-
logical work [Bogerts et al.,, 1985] and prior published
studies [Szeszko et al.,, 2003]. The anatomic regions are
illustrated in Szeszko et al. [2003]. The operator used the
neuroanatomical information available in each orthogonal
plane to facilitate measurement of these regions and to
distinguish them from surrounding structures. The poste-
rior boundary of the posterior hippocampus began where
an ovoid mass of gray matter appeared inferiomedially to
the trigone of the lateral ventricle. Moving anteriorly the
operator used the axial and sagittal views to better visual-
ize the first appearance of the pulvinar in the coronal
plane to exclude it from measurement. The crus of the for-
nix was excluded from measurements. Following the inter-
ruption of the pulvinar by the crus of the fornix all CA-
segments (CA1, CA2, CA3, CA4), dentate gyrus, alveus,
parasubiculum, presubiculum, subiculum proper, and pro-
subiculum, were included in the measurements. The ante-
rior boundary was the coronal slice posterior to the one
where the cistern pontis became clearly visible. The ration-
ale for using the cistern pontis to subdivide the hippocam-
pus into posterior and anterior segments was based on
functional magnetic resonance imaging data demonstrat-
ing a dissociation between these regions regarding stimu-
lus familiarity [Strange et al., 1999, 2005].

The posterior boundary of the anterior hippocampus
was the slice where the cistern pontis became clearly visi-
ble, including all segments in the posterior hippocampus
as well as uncus. The shape of the anterior hippocampus
began to change markedly at the first appearance of the
intralimbic gyrus. The distinction between anterior hippo-
campus and amygdala was sometimes difficult and we
utilized several strategies to deal with this problem while
visualizing these structures in the three orthogonal planes.
The temporal horn was useful to separate these structures.
Also, when visible, the alveus provided a good superior
boundary for the hippocampus. At times, however, the an-
terior hippocampus became fused with the amygdala
across the ventricular cavity. In this event, a straight hori-
zontal line was drawn from the most superiomedial por-
tion of the temporal horn laterally to the most medial part
of the ambient gyrus. The intralimbic gyrus (including
dentate gyrus and Ammon’s horn) was included in the
measurement of the anterior hippocampus. Intraclass cor-
relations between three operators for nine cases were:
(right, left): posterior hippocampus (0.87, 0.88), anterior
hippocampus (0.94, 0.87).

Handedness

Handedness was assessed by a modified 20-item Edin-
burgh Inventory [Oldfield, 1971]. The total number of

right- and left-handed items was scored, and the laterality
quotient was computed as [(total right - total left)/(total
right + total left)] x 100. Subjects with a laterality quotient
>0.70 were classified as dextral; the rest were classified as
nondextral. Thirteen subjects were classified as right- or
left-handed based on preference for handwriting alone.
There were missing handedness data for three males and
three females.

Statistical Procedures

The mixed models approach (SAS; v8.2) for repeated
measures analysis of variance was used to compare brain
structure volumes. Analyses were conducted separately for
each of the frontal regions because of their neuroanatomi-
cal heterogeneity and to specifically test tissue type-by-age
interactions. In addition, a single analysis for both the pos-
terior and anterior hippocampal regions was performed. In
each analysis the statistical model included sex as a
between subjects factor. Tissue type (gray versus white)
and hemisphere were repeated measures for the frontal
lobe subregions. Region (posterior versus anterior) and
hemisphere were repeated measures for the hippocampal
analysis. To assess the effects of age on the observed find-
ings it was included in the statistical model. Intracranial
volume was included as a covariate to control for nonspe-
cific differences in brain size among individuals. Significant
tissue type-by-age interactions were followed by partial
correlation analyses between individual tissue volumes
and age while controlling for total intracranial volume. In
addition, to disassociate aging effects on regional gray and
white matter volumes from global ones we also used par-
tial correlation analysis to investigate correlations of indi-
vidual brain structure volumes and age using total brain
gray or total brain white matter volumes, respectively as
statistical covariates to demonstrate that specific tissue type
volume loss was independent from global volume loss.
Given prior data from both human and animal studies that
examined the relationship between handedness and brain
volume, we investigated the potential effects of handed-
ness on the observed findings by examining its interaction
with significant main effects and interactions [Gut et al.,
2007; Hervé et al., 2006; Pujol et al., 2002]. Pearson product
moment correlations were used to examine associations of
age with brain volumes. Group differences in demographic
variables were examined using independent groups ¢ tests.
Chi-square tests were used to examine differences in cate-
gorical variables. Alpha was set to 0.05 for all analyses.

RESULTS

Males and females did not differ significantly in distri-
butions of age, handedness, education or wide range
achievement test scaled score (see Table I). Mean volumes
for frontal and hippocampal regions are presented sepa-
rately by sex in Table II.
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TABLE I. Sample characteristics

Value Males (N = 39) Females (N = 44) df Test statistic P
Age 28.9 (7.3) 28.0 (7.1) 81 t=0.60 ns
Education (years) 14.7 (2.2) 149 (2.2) 67 t=-023 ns
Handedness 29R/7L 36R/5L 1 x> =077 ns
WRAT III Scaled Score 105 (8.9) 103 (10.4) 54 t =073 ns
Race® (25,6,5,2,1) (20,104,3,7) 2 x2 =29 ns

Notes: Data are presented as mean + SD in parentheses, unless otherwise indicated. There were data missing for the following varia-
bles: education (6 males, 8 females); handedness (3 males and 3 females); WRAT III SS (13 males, 14 females). NS = not significant.
"Race coded as Caucasian, African American, Hispanic, Asian and other. Because >20% of the categories for race had expected frequen-
cies of <5 we combined the latter three groups (i.e., Hispanic, Asian and other) into a single group for analysis.

Superior Frontal Gyrus

Mixed models analyses revealed a significant (F = 189.01,
df =82, P < 0.001) main effect of tissue type with more gray
compared to white matter in the superior frontal gyrus. The
main effects of hemisphere and sex were not statistically sig-
nificant. The age-by-tissue type interaction was significant
(F = 81.64, df = 246, P < 0.001; Fig. 1) indicating that the
rate of change in gray matter was significantly different
than the rate of change in white matter. Specifically, age
was inversely correlated with total superior frontal gyrus
gray matter (r = -0.49, df = 80, P < 0.001), but not white
matter volume (r = 0.13, df = 80; P = 0.23) while controlling
for total intracranial volume. Similar correlations were evi-
dent when total gray matter and total white matter volumes
were used respectively as covariates. The sex-by-age inter-
action was not statistically significant indicating that age-
associated changes were comparable in males and females.

Anterior Cingulate Gyrus

Mixed models analyses revealed a significant (F =
159.55, df = 1, 82, P < 0.001) main effect of tissue type
with more gray compared to white matter in the anterior
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Figure I.
Scatterplot of superior frontal gyrus gray and white matter vol-
ume with age. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

cingulate gyrus. There was a significant (F = 17.44, df =1,
82, P < 0.001) main effect of hemisphere with greater right
compared to left hemisphere volume. There was a signifi-
cant (F = 17.44, df =1, 82, P < 0.001) tissue type-by-hemi-
sphere interaction indicating that the magnitude of right
greater than left asymmetry was larger for the gray (t = -
3.98, df = 82, P < 001) compared to the white matter (t =
-2.58, df = 82, P = 0.012). The age-by-tissue type interac-
tion was statistically significant (F = 16.99, df = 1, 245, P
< 0.001; Fig. 2) indicating that the rate of change in gray
matter was significantly different than the rate of change
in white matter. Although the interaction was statistically
significant, the correlations of age with total anterior cin-
gulate gray matter volume (r = -0.20, df = 80, P = 0.08)
and total anterior cingulate white matter volume (r = 0.19,
df = 80, P = 0.09) only demonstrated trend level signifi-
cance. The main effects of sex and sex-by-age interactions
were not statistically significant.

Orbital Frontal Lobe

There were no significant differences in age, sex, or
handedness between individuals with or without orbital
frontal volumes. The main effects of sex and sex-by-age
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Figure 2.

Scatterplot of anterior cingulate gyrus gray and white matter
volume with age. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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Figure 3.
Scatterplot of orbital frontal lobe gray and white matter volume
with age. [Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]

interactions were not statistically significant. Mixed models
analyses revealed a significant (F = 162.66, df = 78, P <
0.001) main effect of tissue type with more gray compared
to white matter in the orbital frontal lobe. In addition,
there was a significant (F = 5.95, df = 73, P < 0.017) main
effect of hemisphere with greater left compared to right
hemisphere volume. The age-by-tissue type interaction
was significant (F = 34.43, df = 224, P < 0.001; Fig. 3) indi-
cating that the rate of change in gray matter was signifi-
cantly different compared to the rate of change in white
matter. Age correlated inversely with total orbital frontal
gray (r = -0.34, df = 71, P = 0.003), but not white matter
volume (r = 0.07, df = 71, P = 0.54) while controlling for
total intracranial volume. Similar correlations were evident
when total gray matter and total white matter volumes
were used respectively as covariates.

Hippocampus Volumes

A significant (F = 116.89, df = 1, 81, P < 0.001) main
effect of region for the hippocampus revealed greater ante-
rior compared to posterior volume. A significant (F =
11.04, df =1, 82, P = 0.001) main effect of hemisphere was
also evident with overall right compared to left hemi-
sphere volume. In addition, the region-by-hemisphere
interaction was statistically significant (F = 28.37, df =1,
82, P < 0.001) with follow-up analyses indicating that
there was greater right compared to left anterior hippo-
campus volume (t = -5.40, df = 82, P < 0.001) and greater
left compared to right posterior hippocampal volume (t =
3.03, df = 82, P = 0.003). The age-by-region interaction
was not statistically significant for either the posterior or
anterior hippocampus. There was a significant (F = 8.14,
df =1, 81, P < 0.006) region-by-sex interaction for the hip-
pocampal volumes indicating that males had larger vol-
umes of the anterior (t = 2.78, df = 81, P = 0.007; Fig. 4),
but not posterior (P > 0.05) hippocampal formation com-
pared to females. No significant sex differences were evi-

dent for the posterior hippocampal volumes. The sex-by-
age and sex-by-age-by-region interactions were not statisti-
cally significant (all P values > 0.05) for the hippocampus.

Additional Analyses

We also considered the possibility that our study might
conceivably be mixing age-associated effects due to deleteri-
ous biological processes with those related to normal late
neurodevelopmental processes and thus, we repeated the
analyses excluding subjects (n = 16) below the age of 21. We
replicated the tissue type-by-age interactions for each of the
three frontal volumes and the correlations of age with the
frontal structure volumes followed the same pattern as the
entire sample. In addition, we systematically investigated the
potential effects of handedness on the findings described
above by repeating each analysis with handedness as a
between subjects factor and exploring its interaction with
each of the significant main effects or interactions described
above. We did not find any evidence, however, for an effect
of handedness on the observed findings (Ps > 0.05).

DISCUSSION

Few studies have examined the regional specificity of
aging within discrete prefrontal regions in both the gray
and white matter or along the long axis of the hippocam-
pus in young and middle-aged healthy humans. Using a
method for subdividing the prefrontal cortex based on the
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Figure 4.

Anterior hippocampal volumes adjusted for total intracranial
volume by sex. Note: horizontal lines represent mean values.
[Color figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com.]
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TABLE Il. Mean frontal and hippocampal volumes by

sex
All subjects Male Female
(N = 83) (N =39) (N = 44)
Frontal lobe tissue types (cm’)
Superior frontal gyrus
Right hemisphere
Gray matter 16.2 (3.0) 16.5 (3.3) 16.0 (2.6)
White matter 12.8 (2.5) 13.1 (3.0) 12.5 (1.8)
Left hemisphere
Gray matter 16.4 (2.6) 16.4 (3.0) 16.4 (2.3)
White matter 12.9 (2.3) 13.1 (2.8) 12.7 (1.9)
Anterior cingulate gyrus
Right hemisphere
Gray matter 4.3 (1.0) 43 (1.2) 4.3 (1.0)
White matter 2.3 (0.6) 2.3 (0.7) 2.3 (0.5)
Left hemisphere
Gray matter 3.8 (1.0) 3.9 (1.0) 3.7 (0.9)
White matter 2.1 (0.6) 2.2 (0.6) 2.0 (0.6)
Orbital frontal
Right hemisphere
Gray matter 4.7 (1.2) 49 (1.2) 4.6 (1.2)
White matter 3.0 (0.8) 3.2 (0.9) 2.9 (0.7)
Left hemisphere
Gray matter 5.1 (1.3) 5.2 (1.5) 5.0 (1.3)
White matter 3.3 (0.9) 3.5 (1.0) 3.2 (0.8)
Hippocampal regions (cm®)
Posterior hippocampus
Right hemisphere 1.4 (0.24) 1.4 (0.24) 1.4 (0.24)
Left hemisphere 1.4 (0.26) 1.5 (0.26) 1.4 (0.26)
Anterior hippocampus
Right hemisphere 2.0 (0.44) 2.2 (0.44) 1.9 (0.38)
Left hemisphere 1.9 (0.37) 2.0 (0.38) 1.8 (0.31)

sulcal anatomy our results suggest that age-associated
decreases in gray matter volume were evident in regions
comprising dorsal archicortical (superior frontal gyrus)
and ventral paleocortical (orbital frontal lobe) brain
regions and that these effects were comparable in both
men and women. In contrast, no significant effects of
aging were observed for anterior cingulate gray matter
volume. In addition, we did not find any evidence for the
effects of aging on prefrontal white matter volumes, which
remained relatively stable across the agespan examined.
Investigation of posterior and anterior hippocampal vol-
umes revealed no significant effects of aging, but an over-
all effect of sex on anterior hippocampal volumes such
that men had larger volumes compared to women even af-
ter controlling for the effects of total intracranial volume.
Our investigation of age-by-tissue type interactions sup-
ports the differential impact of aging in the gray, but not
the white matter within the superior frontal gyrus and or-
bital frontal lobe. Our data thus converge with prior work
suggesting that cortical thinning occurs in adolescence and
young adulthood [Tamnes et al., 2010] as well as studies
demonstrating aging effects within the prefrontal gray
matter in older cohorts [Allen et al., 2005; Raz et al., 1997;

Tisserand et al., 2003]. More specifically, however, evi-
dence for aging effects within dorsal archicortical regions
in the current study converges with prior work reporting
an association of age with less dorsolateral prefrontal gray
matter volume in young adulthood [Gur et al., 2002] and
findings of an inverse association between gray matter den-
sity reduction and brain growth in the superior frontal
region among children, adolescents and young adults
[Sowell et al., 2001]. Furthermore, our results converge with
Fjell et al. [2009] who similarly reported that age effects
were most pronounced in the superior frontal gyri (among
other regions) in a sample of 883 subjects. Although our
findings are consistent with the hypothesis of neuronal loss,
it should also be acknowledged that an additional mecha-
nism relevant to the age effects reported herein might be
neuronal shrinkage [Fjell and Walhovd, 2010].

The age-related changes observed in archicortical
regions in our study and others may be related to the de-
velopment of working memory capacity into young adult-
hood [Huizinga et al., 2006] and/or changes in executive
functions subserved by this region across the agespan [Sil-
ver et al., 2009]. Comparable inverse associations of aging
with ventral paleocortical (i.e., orbital prefrontal) volumes
have also been reported [Convit et al.,, 2001; Lemaitre
et al.,, 2005; Zimmerman et al., 2006], which may relate to
purported deficits on olfactory discrimination [Enwere
et al., 2004] and go no/go performance deficits [Lamm
et al., 2006] across the agespan. Although we could not
identify the precise neurobiological mechanisms by which
gray matter changes might become evident in our young
and middle-aged cohort, it is conceivable that oxidative
effects in general [Tripathy et al., 2010; Venarucci et al.,
1999] and changes in dopamine synthesis [Ota et al., 2006],
which have been observed over the age range examined in
this study, could contribute to these effects.

In our study the rate of change in the anterior cingulate
gray matter differed significantly from the rate of change in
the anterior cingulate white matter across the agespan;
however, age did not correlate significantly with anterior
cingulate gray or white matter volumes. The less robust
effects of age-associated changes in anterior cingulate gyrus
gray matter volume observed in our study is consistent
with prior work [Fjell et al., 2009; Raz et al., 1997]. Although
we could not determine why the anterior cingulate should
be less susceptible to the effects of age compared to the
other prefrontal brain regions examined in this study, one
possible explanation may relate to the fact that this region
had the largest ratio of gray to white matter, thus poten-
tially providing additional reserve during the aging process
[May, 2011]. It may also be noteworthy that gray matter
volume only partially mediates the effects of age on re-
gional cerebral blood flow in the anterior cingulate [Vaidya
et al., 2007], suggesting that neurons may just be less active,
but not necessarily reduced in number. It should also be
acknowledged that further subdivision of the anterior cin-
gulate could conceivably demonstrate aging effects as well
as possible sex differences in volume [Chen et al., 2007].
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Our data suggest that the white matter in the prefrontal
subregions examined remains stable at least until the
fourth decade of life, which is consistent with prior work
[Ge et al.,, 2002]. Relative preservation of the brain white
matter in the frontal subregions examined may be neuro-
biologically related to the lack of robust age effects on the
myelin sheath, oligodendrocytes and glial cells during
young and middle-adulthood. For example, animal studies
suggest age-associated changes in oligodendrocytes when
comparing young versus old monkeys that began only
during middle age [Peters and Sethares et al., 2004]. In
contrast to our findings Bartzokis et al. [2001, 2003]
reported brain white matter increases until the fourth dec-
ade of life as assessed using regional morphometry. An
important difference between our study and prior investi-
gations, however, is our use of discrete prefrontal regions,
thus making it difficult to directly compare our results
with larger measures of prefrontal white matter volume.

There was relative preservation of both the posterior
and anterior hippocampus in our cohort of young and
middle-aged adults. The lack of significant age-associated
changes in hippocampal volume in the age range of our
study converges with prior MR imaging studies in healthy
humans [Grieve et al., 2005; Sullivan et al., 2005] and rhe-
sus monkeys [Shamy et al, 2006]. Some data suggests,
however, that hippocampal shrinkage may accelerate over
time with increasing age [Raz et al., 2004, 2010] and thus,
might not be observed in our cohort of young and middle-
aged adults. This possibility would be consistent with ani-
mal data suggesting that bioenergetic properties could
play a role in functions associated with hippocampal in-
tegrity, but only later in life [Kadish et al., 2009]. Other
cross-sectional MR imaging work suggests volume loss
progressively from the hippocampal head to its tail [Maly-
khin et al., 2008]. In addition, Pruessner et al. [2001]
reported a significant inverse association between age and
volume of the right and left hippocampus among men
with effects most pronounced in the head and tail. No sig-
nificant age-associated changes were evident in women,
however, in the study by Pruessner et al. [2001]. Differen-
ces between our study and prior studies may relate to dif-
ferences in morphometric delineation criteria and
sampling issues. For example, a prior study [Rajah et al.,
2010] reported that in healthy humans older age (mean =
67.7) was associated with less volume in the hippocampal
head and body, but not tail.

Anterior hippocampal volume was larger in men com-
pared to women even after controlling for the effects of
total intracranial volume. These findings converge with
Raz et al. [1997] who reported that the volume of the total
hippocampal formation was larger in men compared to
women even while controlling for height. Our findings
thus extend this prior work by suggesting that sex differ-
ences may be most robust in the anterior part of the
mesiotemporal lobe and more specifically, the hippocam-
pus. Although the possible functional significance of sex
differences in anterior hippocampal volume were not

examined in the present investigation, some work suggests
that this part of the hippocampus plays an important role
in spatial navigation [Hartley et al., 2003; laria et al., 2007;
Magquire et al., 2006, Moffat et al., 2006] and learning/
memory [Gold and Squire, 2005; Kircher et al., 2008] and
that sex differences in these functions have been reported
[Andreano and Cahill, 2009; Ruggiero et al., 2008]. These
findings could also have implications for understanding
sex differences contributing to the pathophysiology of neu-
ropsychiatric disorders. For example, prior work demon-
strated a significant pattern of structure-function relations
localized to the anterior hippocampus in men, but not
women with schizophrenia [Szeszko et al., 2002]. Further-
more, it may be noteworthy that there may be sex differ-
ences in hormones associated with stress [Solomon and
Herman, 2009] and these hormones may moderate mor-
phology differentially within the dorsal versus ventral hip-
pocampus [Maggio and Segal, 2009]. In healthy humans,
greater self-perceived stress predicted smaller hippocam-
pal volume [Gianaros et al., 2007] with effects observed
most robustly in the anterior hippocampal formation
[Szeszko et al., 2006].

Consistent with the results of several prior neuroimag-
ing studies [e.g., Allen et al., 2005; Raz et al., 2005] we did
not observe any differential impact of sex on age within
prefrontal or hippocampal volumes. Although prior work
[e.g., Cowell et al., 2007] noted such effects, it should be
acknowledged that differences among studies may be
related to the age range examined [Cowell et al., 1994],
methodology [Kennedy et al, 2009], and analytic
approaches for modeling tissue changes [Greenberg et al.,
2008]. Thus, in our study it is conceivable that such effects
would be observed across a broader age range. Moreover,
sex differences might be most pronounced within specific
prefrontal and hippocampal regions that were not the
focus of the current investigation [e.g., Gur et al., 2002; La
Joie et al., 2010]. Nevertheless, our data highlight the appa-
rent lack of sex differences on age in young and middle-
aged healthy adults within discrete prefrontal tissue types
and along the long axis of the hippocampus.

There were significant asymmetry effects in both pre-
frontal and hippocampal regions. Specifically, we observed
right greater than left asymmetry in the anterior cingulate
gyrus replicating our prior findings [Szeszko et al., 1999b]
in an independent cohort. In a prior study that noted hem-
ispheric differences in cingulate/paracingulate morphol-
ogy that could conceivably contribute to the volume
differences reported herein Yucel et al. [2001] reported
that the paracingulate sulcus was more “commonly promi-
nent” in the left hemisphere, but in contrast was “com-
monly absent” in the right hemisphere. We also observed
significant left greater than right hemispheric asymmetry
for the orbital frontal cortex also replicating our prior find-
ings [Szeszko et al., 1999b] in an independent cohort. The
finding of larger left compared to right orbital frontal vol-
umes could have implications for language-associated
functions. For example, using fMRI Binder et al. [1997]
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reported activation of left pars orbitalis during a semantic
decision task in healthy humans. In addition, Keller et al.
[2008] reported that while considering the cortical sulci in
this region there was leftward asymmetry of the pars oper-
cularis region in healthy humans. The finding of right
greater than left total hippocampus volume converges
with prior studies reporting similar asymmetry in healthy
volunteers [Fukuzako et al., 1997; Li et al., 2007, Niemann
et al.,, 2000], although its significance is not known. One
possible interpretation of hippocampal asymmetry, how-
ever, is that it could have functional implications given
prior work demonstrating that left hippocampal integrity
mediates spatial memory whereas the right hippocampus
is associated with spatial navigation [Burgess, 2002; Bur-
gess et al., 2002].

There were a number of study limitations that should be
acknowledged. Investigation of the effects of age on the
white matter was limited to regional volumetry and some
work suggests diffusion tensor imaging may be a more
sensitive technique for assessing white matter integrity
compared to morphometry [Fjell et al.,, 2008]. In this
regard although the regions-of-interest used in our study
were based on a prior published neuroanatomical parcella-
tion scheme, we did not have specific information regard-
ing white matter tracts in these regions-of-interest. In
addition, although some studies have examined hippocam-
pal subregions in relationship to aging, resolution of indi-
vidual subfields was not possible from these images. The
neuropsychological sequelae of these aging effects were
not investigated and thus, require further investigation
[e.g., Gunning-Dixon and Raz, 2000; Jack et al., 1999, 2000;
Rajah et al., 2010]. Along these lines, it should be acknowl-
edged that cortical reductions observed at the later stages
of the lifespan could have different functional significance
compared to volume changes observed during childhood
or adolescence. More specifically, volume changes associ-
ated with young aging could play a role in the decline of
some cognitive skill whereas volume changes during late
adolescence might contribute to maturational changes and
concomitant refinement of cognitive functions [e.g., Pine
et al., 2002]. Also, our study focused on individuals in the
age range from 16 to 40 and thus, possible effects of sex
and age on brain volumes in older individuals could not
be investigated. For example, sexually dimorphic changes
have been reported in older compared to younger cohorts
in the superior frontal gyrus [Berchtold et al., 2008].

In sum, these findings suggest that significant age-asso-
ciated changes in gray, but not white matter volume occur
within discrete prefrontal brain regions in young and mid-
dle-adulthood in healthy humans. Moreover, no significant
age-associated changes in hippocampus volume were evi-
dent in either its posterior or anterior segments, although
men had larger volume of the anterior hippocampal for-
mation compared to women. Our findings could have
implications for understanding the potential role of age in
mediating prefrontal and hippocampal brain volumes in
the pathophysiology of psychiatric disorders such as schiz-

ophrenia where neurodevelopmental abnormalities have
been implicated in their pathogenesis. For example, a
defect in cortical pruning [Keshavan et al., 1994] and/or a
dysregulation in brain white matter development [Bartzo-
kis et al., 2003] have been suggested to play a role in
schizophrenia.
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