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Abstract
The cingulate cortex frequently shows gray matter loss with age as well as gender differences in
structure and function, but little is known about whether individual cingulate Brodmann areas
show gender-specific patterns of age-related volume decline. This study examined age-related
changes, gender differences, and the interaction of age and gender in the relative volume of
cingulate gray matter in areas 25, 24, 31, 23, and 29, over seven decades of adulthood. Participants
included healthy, age-matched men and women, aged 20–87 (n = 70). Main findings were: (1) The
whole cingulate showed significant age-related volume declines (averaging 5.54% decline
between decades, 20s–80s). Each of the five cingulate areas also showed a significant decline with
age, and individual areas showed different patterns of decline across the decades: Smaller volume
with age was most evident in area 31, followed by 25 and 24. (2) Women had relatively larger
cingulate gray matter volume than men overall and in area 24. (3) Men and women showed
different patterns of age-related volume decline in area 31, at midlife and late in life. By
delineating normal gender differences and age-related morphometric changes in the cingulate
cortex over seven decades of adulthood, this study improves the baseline for comparison with
structural irregularities in the cingulate cortex associated with psychopathology. The Brodmann
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area-based approach also facilitates comparisons across studies that aim to draw inferences
between age- and gender-related structural differences in the cingulate gyrus and corresponding
differences in cingulate function.
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1. Introduction
The cingulate cortex comprises a number of structurally and functionally distinct areas
(Devinsky et al., 1995; Vann et al., 2009; Vogt et al., 1992; Vogt et al., 1995) that mediate
aspects of attention, emotional regulation, and the integration of cognitive and emotional
processes, among other functions (Bush et al., 2000; Critchley, 2005; Devinsky et al., 1995;
Vogt and Laureys, 2005). In studies of healthy aging, the cingulate has often shown
vulnerability to gray matter loss (Alexander et al., 2006; Bergfield et al., 2010; Good et al.,
2001b; Jernigan et al., 2001; Raji et al., 2009; Resnick et al., 2003; Salat et al., 2009; Sowell
et al., 2003; Takahashi et al., 2010), although some studies have found relative sparing (Fjell
et al., 2009; Grieve et al., 2005; Raz et al., 1997; Raz et al., 2004). Studies have typically
found more significant gray matter loss with age in the anterior cingulate cortex (ACC;
Alexander et al., 2006; Bergfield et al., 2010; Good et al., 2001b; Salat et al., 2009; Sowell
et al., 2003; but also see Raz et al., 1997; Raz et al., 2004), while the posterior cingulate
cortex (PCC) has more often shown relative structural preservation (Kalpouzos et al., 2009;
Smith et al., 2007). Given that the cingulate contributes to higher-order cognitive processes
and appears susceptible to age-related gray matter loss, its atrophy potentially contributes to
important aspects of cognitive decline with age (Hazlett et al., 2010; Vaidya et al., 2007).

One of the few studies to examine age effects on cingulate subregions in healthy adults
analyzed gray matter volume and cerebral blood flow (CBF) in the ACC's dorsal, rostral,
and subgenual components (Vaidya et al., 2007). Older age correlated most significantly
with smaller volume and lower CBF in the rostral ACC (approximately areas 24a and 24b),
and volume decline only partially mediated age effects on CBF. Because of the ACC's role
in emotional regulation, these findings suggest that improving vascular health in the elderly
may help to reduce their depressive symptoms (Vaidya et al., 2007). Our prior examination
of aging effects on glucose metabolism yielded similar results; normal controls' metabolism
decreased with age in area 24 and not in the PCC (Buchsbaum and Hazlett, 1997).

A concurrent, but largely separate, line of research from the aging studies has shown the
cingulate to be site of structural and functional gender differences. Women typically have
proportionally larger cingulate gray matter volume than men (Chen et al., 2007; Cosgrove et
al., 2007; Goldstein et al., 2010; Good et al., 2001a; Paus et al., 1996). Most reports of more
specific morphological gender differences have focused on the ACC (e.g., Brun et al., 2009;
Kovalev et al., 2003; Pujol et al., 2002; Yücel et al., 2001). Functional gender differences
have also been reported more frequently in the ACC than the PCC—often related to the
ACC's role in emotion (Wager et al., 2003) but also in cognitive domains (Butler et al.,
2007; Hazlett et al., 2010). Though the PCC has less often shown functional gender
differences, some have been found during emotional responding (Proverbio et al., 2009) and
emotional memory (Canli et al., 2002).

In light of the evidence that the cingulate shows age- and gender-related differences, it is
notable that relatively few studies examining both age and gender effects in this region have
found age by gender interactions. In the analyses that did report sex differences in the effects
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of age in this region, men showed more age-related gray matter loss in the cingulate gyrus
(Takahashi et al., 2010; Thambisetty et al., 2010) and the cingulate sulcus (Kochunov et al.,
2005) than women. However, most similar studies found no age by gender interaction
(Alexander et al., 2006; Bergfield et al., 2010; Good et al., 2001b; Lemaitre et al., 2005;
Smith et al., 2007; Sowell et al., 2007). Inconsistent findings across studies may be due to
differences in their characterizations of “ACC” and “PCC,” respectively (Nielsen et al.,
2005). Also of note, these studies—with the exception of Sowell et al. (2007)—like a
number of other investigations of age effects that included the cingulate cortex (e.g., Grieve
et al., 2005; Raji et al., 2009; Resnick et al., 2003; Salat et al., 2009; Takahashi et al., 2010),
used voxel-based morphometry to examine many brain regions and structures for focal areas
of age-related change. Together, these factors make it difficult to compare findings and track
patterns of age-related gray matter loss in individual cingulate areas.

Consequently, little is known about whether age effects on individual cingulate regions
unfold during different time frames in men and women. The current study examined age-
related changes, gender differences, and their interaction in cingulate gray matter volume in
a large sample (n = 70). We examined five cingulate regions, approximating Brodmann
areas 25, 24, 31, 23, 29. This approach facilitates volumetric comparisons of individual
areas and allows for averaging of relative volume across areas or hemispheres based on
neuroanatomical and theoretical assumptions.

This study extends our previously published FDG-PET studies of this same sample, which
showed age-related declines in frontal lobe metabolism and verbal memory performance
(Hazlett et al., 1998), and age-related gender differences in relative glucose metabolism that
were specific to the cingulate gyrus; they did not characterize other frontal lobe regions or
the temporal, parietal, or occipital lobes (Hazlett et al., 2010). These earlier FDG-PET
findings drove the hypotheses of the current morphometric analyses. In particular, the latter
study, which analyzed relative glucose metabolism in the gray matter of 39 cortical areas
during a verbal memory task, found the strongest correlations with age in areas 25 and 24;
the largest gender differences in areas 24 and 29; and a significant gender-specific
correlation between relative glucose metabolism and memory performance in area 24. Based
on these results, we hypothesized (1) the ACC (areas 25 and 24) would show the most
robust age-related volume decline; (2) area 24 would show the most pronounced gender
differences in volume; and (3) men and women would show different patterns of cingulate
gray matter loss with age.

2. Results
2.1 Whole brain volume

Men (1,246,677 ± 78,681 mm3) had larger whole brain volume than women (1,126,012 ±
109,366 mm3), F(1,56) = 30.79, p < 0.0005. Whole brain volume did not show a significant
main effect of Decade (F(6,56) = 1.74, p = 0.128) or a significant Decade by Gender
interaction (F(6,56) = 0.41, p = 0.868).

2.2 Age-related volume decline in cingulate Brodmann areas
There was a significant overall effect of Decade in the cingulate cortex (averaged across
gender, Brodmann area, and hemisphere) reflecting a decrease in volume from age 20 to 87
(Main effect of Decade, F(6, 56) = 16.48, p < 0.0005; Fig. 1). Planned post hoc comparisons
of cingulate volume between successive decades (20s vs. 30s, 30s vs. 40s, etc.) showed
significant volume decreases between the 20s and 30s (p = 0.048, 6.32% difference) and
between the 70s and 80s (p < 0.0005, 15.95% difference). Overall, the relative volume of
cingulate gray matter declined an average of 5.54% between decades from the 20s to the
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80s. Correlational analyses showed that the linear rate of age-related gray matter loss was
significant (averaged across hemispheres and Brodmann areas; r = -0.70, p < 0.0005) and in
the left (r = -0.71, p < 0.0005) and right (r = -0.65, p < 0.0005) hemispheres individually.

The five Brodmann areas also showed different patterns of age-related decline in gray matter
volume (averaged across gender and hemisphere), resulting in a significant Decade by
Cingulate area interaction (Decade × Cingulate area, F(24, 186) = 5.45, p < 0.0005, Fig. 2). A
simple effects analysis determined which pairs of successive decades of age were associated
with significant gray matter loss in each area. The linearity of age-related change was
confirmed using age as a continuous variable in a regression analysis of gray matter volume
in each area.

2.2.1 Area 25—Area 25 showed a significant effect of decade on relative gray matter
volume (F(6, 56) = 8.74, p < 0.0005; Fig. 2). Post hoc tests of the volume differences between
successive decades revealed two significant declines, the first at midlife and the second in
old age. Participants in their 60s had significantly less gray matter in area 25 than those in
their 50s (p = 0.010, 21.78% difference), and participants in their 80s had significantly less
gray matter in this area than those in their 70s (p = 0.009, 28.64% difference). Correlational
analyses also demonstrated a significant linear rate of age-related volume decline in area 25
averaged across hemispheres (r = -0.55, p < 0.0005), as well as in the left (r = -0.54, p <
0.0005) and right (r= -0.53, p < 0.0005) hemispheres individually.

2.2.2 Area 24—Area 24 also showed a significant effect of Decade on volume (F(6, 56) =
6.30, p < 0.0005; Fig. 2). Gray matter volume in BA 24 showed significant declines between
successive decades in early adulthood and in old age. Participants in their 30s had
significantly smaller volume in area 24 than participants in their 20s (p = 0.005, 14.67%
difference), and participants in their 80s had significantly smaller volume in this area than
those in their 70s (p = 0.002, 18.61% difference). Correlational analyses showed a
significant linear rate of volume decline in area 24 averaged across hemispheres (r = -0.45, p
< 0.0005), as well as in the left (r = -0.46, p < 0.0005) and right (r = -0.39, p = 0.001)
hemispheres individually.

2.2.3 Area 31—Among the five cingulate regions, area 31 showed the most significant
effect of Decade on relative volume of gray matter (F(6, 56) = 18.50, p < 0.0005; Fig. 2). In
this area, volume declined significantly at midlife and in old age. Participants in their 50s
had significantly less gray matter in area 31 than those in their 40s (p < 0.0005, 10.53%
difference), and participants in their 80s had significantly less gray matter than those in their
70s (p = 0.003, 14.26% difference). Correlational analyses indicated a significant linear rate
of decline in gray matter in area 31 averaged across hemispheres (r = -0.74, p < 0.0005), and
in each hemisphere (left: r = -0.74, p < 0.0005; right: r = -0.67, p < 0.0005).

2.2.4 Area 23—The gray matter volume of area 23 showed a significant effect of Decade
(F(6, 56) = 2.97, p = 0.014; Fig. 2). This area a showed a significant volume difference
between successive decades only late in life. Participants in their 80s had significantly
smaller volume in area 23 than those in their 70s (p = 0.049, 14.06% difference).
Correlational analyses demonstrated a significant linear rate of decline in gray matter in area
23 averaged across hemispheres (r = -0.42, p < 0.0005), and in the left hemisphere (r =
-0.46, p < 0.0005). The correlation between age and volume in right area 23 did not remain
significant after Bonferroni correction (r = -0.32, p = 0.007).

2.2.5 Area 29—The volume of area 29 also showed a significant effect of Decade (F(6, 56)
= 2.51, p = 0.032; Fig. 2), though its rate of decline was consistently gradual and none of the
volume differences between pairs of successive decades reached significance. Correlational
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analyses demonstrated a significant linear rate of gray matter decline in area 29 averaged
across hemispheres (r = -0.42, p <0.0005), as well as in the right hemisphere (r = -0.44, p <
0.0005). The correlation between age and volume in the left hemisphere did not remain
significant after Bonferroni correction (r = -0.33, p = 0.006).

2.3 Gender differences in volume of cingulate Brodmann areas
Women had relatively larger volume of gray matter in the cingulate cortex compared to men
(main effect of Gender, F(1, 56) = 13.91 p < 0.0005, 6.97% difference; mean relative volume
expressed as mean gray matter volume for the area/whole brain mean), women: 0.194 ±
0.024; men: 0.181 ± 0.023. Women had larger volume in area 24 (p < 0.0005, 13.14%
difference) and there were no gender differences in areas 25, 31, 23, and 29 (Gender ×
Cingulate area, F(4, 53) = 3.37, p = 0.016).

Correlations between age and relative gray matter volume were also computed for each
gender separately and subjected to Bonferroni correction. In these separate analyses of each
gender, the age–volume relationship in area 25 bilaterally was significant both for men (left:
r = -0.50, p = 0.002; right: r = -0.61, p < 0.0005) and for women (left: r = -0.59, p < 0.0005;
right: r = -0.50, p = 0.002). The age–volume correlation was also significant in area 31
bilaterally, both for men (left: r = -0.70, p < 0.0005; right: r = -0.70, p < 0.0005) and for
women (left: r = -0.79, p < 0.0005; right: r = -0.65, p < 0.0005).

Only in women, age and volume were significantly correlated in area 24 bilaterally (left: r =
-0.62, p < 0.0005; right: r = -0.53, p < 0.0005). Only in men, age–volume correlations were
significant in left area 23 (r = -0.50, p = 0.002) and in right area 29 (r = -0.49, p = 0.003).
Fisher's Z tests indicated that gender differences in the age–volume correlations did not
reach significance in any region.

2.4 Decade by Gender interaction in volume of cingulate Brodmann areas
Changes in cingulate gray matter volume in men and women across the seven decades
showed a complex pattern (Decade × Gender × Cingulate area × Hemisphere interaction,
F(24, 186) = 1.59, p = 0.047, Fig. 3), which was interpreted by means of a simple effects
analysis.

Analysis of simple effects indicated that only area 31 showed patterns of age-related change
that differed significantly between men and women (Decade × Gender × Hemisphere
interaction, F(6,56) = 2.51, p = 0.032). Gender differences in this region's pattern of volume
decline were apparent at midlife and late in life.

Although both genders showed a significant reduction in volume in area 31 bilaterally
between the 30s and the 50s, the decrease occurred during different decades of age for men
than for women. In men, the volume of right area 31 was significantly smaller among
participants in their 40s than among those in their 30s (p = 0.008, 17.53% difference). In
contrast, women showed no significant decline in area 31 volume between the 30s and 40s.
They did, however, show a decline of similar magnitude in area 31 bilaterally between the
40s and 50s (left: p = 0.020, 15.34% difference; right: p = 0.004, 18.56% difference). Thus,
volume of right area 31 was significantly smaller among men in their 40s than among age-
matched women (p = 0.002 25.30% difference). However, due to women's significant
bilateral volume decline in this area between the 40s and 50s, this gender difference did not
characterize subsequent decades (50s, 60s, 70s).

Men and women also differed in the pattern of volume loss in area 31 in old age. Men in
their 80s showed significantly smaller volume in area 31 bilaterally than those in their 70s
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(left, p = 0.016, 18.33% difference; right, p = 0.038, 16.10% difference). Women in these
same decades of age showed a volume decrease that did not reach significance.

3. Discussion
Analyses of age-related decline and gender differences in the gray matter volume of five
cingulate Brodmann areas revealed distinctive patterns of change in individual areas and
significant morphological gender differences. The main findings are: (1) Each of the five
cingulate areas showed a significant age-related decline in relative gray matter volume, and
they showed different patterns of decline across the decades. Smaller volume with age was
most evident in area 31, followed by areas 25 and 24. This effect was notably weaker,
although still statistically significant, in areas 23 and 29. (2) Women had relatively larger
gray matter volume than men in the cingulate cortex overall and in area 24. (3) Men and
women showed different patterns of age-related decline in gray matter volume in area 31, at
midlife and late in life.

3.1 Age-related volume decline in cingulate Brodmann areas
This morphometric analysis of cingulate gray matter documented different patterns of age-
related volume decline in individual cingulate areas. The finding of more significant age-
related decline in areas 24 and 25 (ACC) than in areas 23 and 29 of the PCC accords with
prior observations that ACC gray matter appears more vulnerable to age-related volume
decline (Alexander et al., 2006; Bergfield et al., 2010; Good et al., 2001b; Salat et al., 2009;
Sowell et al., 2003; but see Raz et al., 1997; Raz et al., 2004) than PCC gray matter
(Kalpouzos et al., 2009; Smith et al., 2007), and that the ACC shows age-related declines in
blood flow (Schultz et al., 1999; Vaidya et al., 2007). More generally, this pattern of
findings supports a refined frontal aging hypothesis (Tisserand and Jolles, 2003), suggesting
that particular frontal lobe structures are more vulnerable to effects of age than other brain
areas are.

Age-related changes in the ACC have been associated with declines in various types of
cognitive performance. Relative to younger adults, older people show differences in ACC
activity associated with poorer attentional control on the Stroop task (Milham et al., 2002),
declines in verbal fluency (Pardo et al., 2007) and route encoding (Meulenbroek et al.,
2004), as well as slower (Keightley et al., 2007) and less accurate (Gunning-Dixon et al.,
2003) processing of negative facial expressions, among other functions. Among the oldest
participants, we observed a more significant effect of decade in area 24 than in any other
cingulate area that we examined, consistent with Vaidya and colleagues' (2007) finding that
gray matter volume in subregions 24a and 24b declined more significantly with age than
other ACC subregions did. Area 24 hyperactivity during a Stroop-like task has also been
shown to distinguish elderly subjects with late-life depression and comorbid anxiety from
those with pure late-life depression, suggesting a key role for area 24 in dysfunctional threat-
monitoring late in life (Andreescu et al., 2009), the time frame in which its volume also
declines significantly.

Area 24 was also the only area to show marked age-related volume loss between participants
in their 20s and those in their 30s. This finding in a rigorously screened, healthy cohort is
interesting in light of the relative prevalence in early adulthood (Kessler et al., 2005;
Lenzenweger et al., 2007) of psychiatric diagnoses that have also been associated with area
24 abnormalities, such as major depression (Mayberg et al., 1997; Yücel et al., 2008),
bipolar disorder (Fountoulakis et al., 2008), borderline personality disorder (Hazlett et al.,
2005), restrictive anorexia nervosa (Joos et al., 2010) and schizophrenia (Mitelman et al.,
2005).
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More generally, the pattern of greater volume decline in the ACC than the PCC in these
healthy volunteers aligns with the evidence that relative preservation of PCC gray matter
may distinguish healthy older adults from those with either mild cognitive impairment
(MCI; for many a prodromal stage of Alzheimer's disease) or early-stage Alzheimer's
disease (Kalpouzos et al., 2009; McDonald et al., 2009). Although normal aging in late
middle age has been longitudinally associated with PCC metabolic decline (Caselli et al.,
2008), other studies have correlated Alzheimer's disease and MCI with area 29 hypoactivity
(Desgranges et al., 2002) and gray matter atrophy (Pengas et al., 2010) that are not
considered characteristic of healthy aging.

Because the literature consistently describes greater age-related decline in the ACC than the
PCC in healthy adults, the finding that area 31 showed the greatest reduction in volume with
age was unexpected. However, to our knowledge, most studies reporting relative PCC
preservation with age have not specifically examined volumetric change in area 31. Instead,
reports of normal aging effects typically either describe preservation in the PCC at large
(e.g., Smith et al., 2007; Sowell et al., 2003) or report values from individual PCC regions
other than area 31 (e.g., areas 23 and 30 in Bergfield et al., 2010; Jones et al., 2006;
Kalpouzos et al., 2009). Likewise, comparisons of normal PCC volume decline with age and
the effects of Alzheimer's disease and MCI generally have not included area 31 (e.g., areas
23 and 29/30 in Jones et al., 2006; Pengas et al., 2010). Our finding is also consistent with
functional imaging studies showing that the PCC (Caselli et al., 2008) and area 31 in
particular (Grady et al., 2006; Lustig et al., 2003; Sambataro et al., 2010) are vulnerable to
the effects of normal aging.

As described in postmortem analyses, area 31 includes the thickest layer IV of any cingulate
area and the highest neurofilament protein immunoreactivity (Vogt et al., 2001). Because
layer IV is a primary termination for specific thalamocortical projections, and because the
thalamus shows a linear age-related decrease in volume between the third and eighth
decades (Sullivan et al., 2004), an age-related loss of thalamocortical synapses in layer IV
may contribute to the magnitude of area 31 volume loss. Current histology-based literature
suggests that cortical volume loss in normal aging is unlikely to originate from neuronal
death; careful postmortem studies have found relatively comparable neuronal counts
between older and younger subjects (Morrison and Hof, 1997). Instead, neuronal shrinkage
and reduction in dendritic arborization are more likely to account for cortical thinning (Hof
and Morrison, 2004). Area 31 stands out as the only component of the posteromedial cortex
that has efferent or afferent (or both) connections with all regions of the cingulate gyrus,
superior and inferior parietal lobules, the frontal pole, and entorhinal cortex (Parvizi et al.,
2006). Together with area 23, it has the highest functional connectivity density of any brain
region (Tomasi and Volkow, 2010). To the extent that cortical atrophy with aging reflects
dendritic reduction and loss of synapses, the high synaptic density of area 31 could make it
particularly vulnerable to such loss.

Although caution is warranted when inferring change from cross-sectional data (Kraemer et
al., 2000), the finding that cingulate gray matter undergoes the most pervasive declines at
midlife (between the 40s and 50s in area 31, and between the 50s and 60s in area 25) and
late in life (between the 70s and 80s in areas 25, 24, 31, and 23) aligns with other reports of
the age spans associated with significant cortical volume loss. Westlye et al. (2010) reported
that the cingulate showed significant reductions in gray matter signal intensity in middle age
—making it one of the earliest cortical structures to show age-related deterioration—and
that elderly participants showed the most widespread effects of age on cortical gray matter.
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3.2 Gender differences in volume of cingulate Brodmann areas
Consistent with previous reports, women in this cohort had relatively larger cingulate gray
matter volume than men (e.g., Chen et al., 2007; Cosgrove et al., 2007; Good et al., 2001a;
Paus et al., 1996), and this volume difference was localized to the ACC (Brun et al., 2009;
Pujol et al., 2002). Other reports of specific morphological gender differences in the ACC
include greater fissuration in the left ACC in men (Yücel et al., 2001), and greater
asymmetry in the textural features of posterior cingulate in men (Kovalev et al., 2003).

Area 24, which showed gender differences in volume in this cohort, has also shown
functional gender differences, frequently in studies of emotional processes. In a meta-
analysis of 65 functional neuroimaging studies of the effects of emotional valence, women
showed significantly greater peak density of activation than men in area 24 (Wager et al.,
2003). In the current cohort, the correlation between age and relative gray matter volume in
area 24 was significant in women bilaterally but not significant in men. Women also showed
a greater age-related decline than men in area 24 between the 20s and 30s, although the
gender difference did not reach significance.

Several of the aforementioned disorders associated with area 24 irregularities—major
depression (Kessler et al., 2005), bipolar II disorder (Arnold, 2003), borderline personality
disorder (Lenzenweger et al., 2007), and restrictive anorexia nervosa (Hudson et al., 2007)
—are more prevalent among women than men. Although the other previously mentioned
disorders characterized by area 24 abnormalities—bipolar I disorder and schizophrenia—do
not share this gender difference in prevalence, women are less likely than men to be
diagnosed with either disorder before reaching early adulthood (Sherazi et al., 2006).

The current findings, along with reports of maturation of cingulate gray matter continuing
into young adulthood (e.g., Westlye et al., 2010), suggest that future studies examining ACC
morphology and morphometry should carefully account for both the age and gender of
participants as potential confounds, and that participants' ages (or the breadth of their age
range) likely affect measurements of the ACC throughout adulthood.

3.3 Decade by Gender interaction in volume of cingulate Brodmann areas
In the current study, only area 31 showed a gender difference in age-related volume loss. In
this area, men and women differed in patterns of change at midlife (30s through 50s) and
late in life (between the 70s and 80s). To our knowledge, prior studies reporting gender
differences in age-related cingulate volume loss have not examined individual PCC regions.
However, one study describing a significant gender difference in area 31 gray matter volume
was an examination of regional gray matter volumes in a large sample (n = 411) of healthy,
middle-aged adults (age 44–48; Chen et al., 2007). Among the regions examined in this
cohort, gray matter volume in women most significantly exceeded volume in men in dorsal
posterior cingulate (i.e., area 31), which showed a larger gender difference than any other
cingulate region. The current finding that only men showed a significant age-related decline
in gray matter volume in area 31 between the 30s and 40s, and that only women showed an
age-related decline of similar magnitude in area 31 between the 40s and 50s, suggests that
the gender difference in area 31 described by Chen and colleagues (2007) may be specific to
a circumscribed midlife age range.

3.4 Limitations
A number of limitations in the present study ought to be kept in mind, including: (1) The
stereotaxic Perry atlas (Perry et al., 1991) has limitations that are both analogous and
complementary to those of significance probability mapping. Both methods combine
subjects and are limited by the quality of brain normalization. Our study is limited by the
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accuracy of the Perry atlas, lack of statistical information on its variability across subjects,
and imperfections in applying the atlas with segmentation to individual brains, as discussed
elsewhere (Mitelman et al., 2003), particularly in regions such as the cingulate gyrus that
exhibit marked variability among individuals. (2) Gray matter segmentation is also subject
to variations, such that threshold error could influence measurements of gray matter volume.
Due to age-related thinning of the cortex or widening of sulci, fewer voxels might be
identified as gray matter and included in older participants' volume measures. (3) Our cross-
sectional design requires more caution than a longitudinal design would in inferring decline
(Kraemer et al., 2000). However, given that our study examined volumetric differences
across 70 years, logistical concerns with participant attrition and maintenance of consistent
scanner mechanics would make a longitudinal design unfeasible. Furthermore, even a 5-year
interval between scans would reduce statistical power in inferring age-related decline. (4)
Participants' high level of education may limit the generalizability of these findings, as
education level has sometimes (Coffey et al., 1999), though not consistently (Raz et al.,
2005), been associated with reduced cortical atrophy in old age. (5) Morphometric
differences in mid and late life, either between genders or among women, may also be
affected by gonadal hormone levels. We did not, however, collect endocrine data such as
menopausal status or use of hormonal replacement therapy. Because estrogen replacement
therapy has shown some neuroprotective effects (see Sherwin and Henry, 2008 for a
review), including potentially slowing age-related gray matter loss in the anterior and
posterior cingulate (Boccardi et al., 2006), hormone replacement could either increase or
diminish age-related gender differences in cingulate gray matter volume. Our finding of
nonsignificant volume increases in areas 25 and 24 in middle-aged women may relate to
neuroprotective effects of hormone replacement therapy, though this is speculative. Future
studies of gender differences in brain morphometry that include menopausal or
postmenopausal women should take these considerations into account. In addition, future
work with a larger number of participants will be useful for replicating our findings and
extending them to other structural imaging techniques, including diffusion tensor, to better
understand gender and aging effects in the cingulate gyrus.

4. Conclusion
This study represents an important step toward delineating age-related change and gender
differences in the cingulate over the healthy adult lifespan. Animal work and postmortem
studies are refining cingulate parcellation in terms of its cytoarchitecture (Vogt, 2009), and
functional imaging continues to advance the understanding of individual cingulate regions'
contributions to normal and pathological brain function. In this context, more precisely
documenting normal age-related morphometric changes and gender differences, including
patterns of change in individual areas, can provide an important link between the anatomical
findings and their implications for psychopathology, functional gender differences, and
cognitive and affective changes with age.

5. Experimental procedure
5.1. Participants

The study included 70 healthy adults (age range = 20–87 years) recruited through
advertisements in the community (for more details on the sample, see Hazlett et al., 1998).
The group included five men and five women within each of seven consecutive decades of
age from the 20s through the 80s (women: mean age = 54.4 ± 20.4 years; men: mean age =
54.5 ± 20.1 years; mean age for women and men within each decade did not significantly
differ). All participants were right-handed, spoke English as the primary language, and had
at minimum a high school education. They all scored within the normal range for
intelligence on the Wechsler Adult Intelligence Scale–Revised (Wechsler, 1981) and on
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neuropsychological testing. They also underwent medical and psychiatric examinations and
a structured psychiatric interview (Comprehensive Assessment of Symptoms and History;
Andreasen et al., 1992), and all were compensated for their participation in the study. After
the study protocol was explained, participants provided written informed consent, which was
approved by the Institutional Review Board of Mount Sinai School of Medicine. Exclusion
criteria included neurologic disorders, history of head injury with loss of consciousness
greater than 5 minutes or with neurocognitive sequelae, mental retardation, medical illness
associated with significant neurocognitive impairment, history of treatment with
psychoactive medication, any history of substance abuse or dependence, psychiatric illness,
or family history (first-degree relatives) of major psychiatric illness. A positive urine test for
drugs of abuse on the day of the scan was also considered exclusionary.

5.2. MRI imaging
Each participant received a T1-weighted axial MRI scan with a 1.5 T Signa-5× system. The
acquisition parameters were: repetition time = 24 ms, echo time = 5 ms, flip angle = 40°,
slice thickness = 1.2 mm, pixel matrix = 256×256, field of view = 23 cm, total slices = 128.
MRI scans were re-sectioned to standard Talairach-Tournoux position (Talairach and
Tournoux, 1988).

5.3. Image analysis
An analysis of the areas of the cingulate cortex, as they were defined by Brodmann, was
conducted on coronal MRI slices (Hazlett et al., 1998; Mitelman et al., 2005) using the Perry
coronal atlas of the brain, a digitized version of a histologically based atlas (Perry et al.,
1991). The Perry atlas comprises 33 equally spaced coronal brain sections with maps of
Brodmann's areas, based on microscopic examination of one postmortem brain (Fig. 4). This
Brodmann approximation method for gray/white matter segmentation has been validated.
(For a detailed description of the methodology, see Hazlett et al., 1998; Mitelman et al.,
2003, 2005.) We obtained volume data from 39 Brodmann areas identified by the Perry
atlas. The current study reports relative volume of gray matter in five cingulate cortex
regions: areas 25, 24 (ACC); 31, 23 (PCC); and 29 (PCC, retrosplenial).

5.4. Statistical methods
We tested our hypotheses about relative gray matter volume in five areas of the cingulate
gyrus using a mixed-model multivariate analysis of variance (MANOVA). The MANOVA
included Decade (20s vs. 30s vs. 40s vs. 50s vs. 60s vs. 70s vs. 80s) and Gender (men vs.
women) as between-group factors. Cingulate region and hemisphere served as repeated
measures. The dependent variables for these MANOVAs were expressed as relative volume
of each of our regions of interest (ROI/whole brain volume). Whole brain volume was
calculated by adding gray and white matter volume for all 39 Brodmann areas measured.
Our prior work (e.g., Mitelman et al., 2003) shows that relative and absolute volume
analyses produce similar findings, and that relative volume measures are more conservative.
However, we also examined whether whole brain volume showed any effects of Decade,
Gender, or a Decade by Gender interaction with a factorial ANOVA.

This method of multivariate analysis allowed us to examine regional aging effects in both
hemispheres of each of the five Brodmann areas and whether these aging effects differ
between men and women. For all multivariate ANOVAs, the multivariate F (Wilks Lambda)
from Statistica (StatSoft, 2003) is reported to adjust probabilities for repeated-measure
effects with more than two levels. Fisher's Least Significant Difference (LSD) tests and
simple-effects were used to follow-up significant between-group interaction effects.
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On a more exploratory basis, we computed age regression slopes for all five cingulate areas
for the left and right hemispheres and averaged across hemispheres. We present the age
regression slopes for areas that showed statistically significant age effects after Bonferroni
correction for 10 comparisons (five areas in two genders; p < 0.005). This approach is used
as an analogue of significance probability mapping, which is often used in group contrasts.
For comparison purposes, these associations were also calculated for men and women
separately; Fisher's Z tests were used to determine whether men and women significantly
differed in regional rates of age-associated volume loss.
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Research Highlights

• Volume loss with age was most evident in area 31, followed by 25 and 24.

• Women had larger cingulate gray matter volume than men overall and in area
24.

• Volume loss with age showed sex differences in area 31 at midlife and late in
life.
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Figure 1.
Aging effects in the cingulate cortex. Age-related gray matter loss showed a significant main
effect of Decade, F(6, 56) = 16.48, p < 0.0005, Wilks. Asterisks indicate significant declines
in gray matter volume between pairs of successive decades.
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Figure 2.
Differential effects of age on cingulate Brodmann areas. The five cingulate areas showed
different patterns of age-related gray matter decline (Decade × Cingulate area, F(24, 186) =
5.45, p < 0.0005, Wilks). Asterisks indicate significant declines in gray matter volume
between pairs of successive decades (post hoc Fischer's LSD, df = 6, all p values ≤ 0.049).
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Figure 3.
Gender differences in age-related volume loss in cingulate Brodmann areas. A: Left
hemisphere. B: Right hemisphere. The relative volume of cingulate BAs showed a complex
pattern of aging effects and gender differences, with a significant Decade × Gender ×
Cingulate area × Hemisphere interaction, F(24, 186) = 1.59, p = 0.047, Wilks. As shown, the
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largest gender differences were in right area 24 and the smallest differences were in area 29
bilaterally. Greatest decline with age was observed in area 31, and the smallest decline was
in area 29.

Mann et al. Page 21

Brain Res. Author manuscript; available in PMC 2012 July 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
Assessment of gray matter volume of Brodmann area 24. Left: Cingulate (hand-traced on
MRI) is shown as red volume. Perry atlas slices 6 to 16 are shown in perspective as blue
triangles, from sector point at frontal lobe center to Brodmann area 24. Right: Perry atlas
slice 15 with area 24 marked. Perspective slightly distorted to provide clearer view of Perry
atlas slice.
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