
In a  prospective cross-sectional study, we used computerized
volumetry of magnetic resonance images to examine the patterns
of brain aging in 148 healthy volunteers. The most substantial
age-related decline was found in the volume of the prefrontal gray
matter. Smaller age-related differences were observed in the volume
of the fusiform, inferior temporal and superior parietal cortices. The
effects of age on the hippocampal formation, the postcentral gyrus,
prefrontal white matter and superior parietal white matter were
even weaker. No significant age-related differences were observed
in the parahippocampal and anterior cingulate gyri, inferior parietal
lobule, pericalcarine gray matter, the precentral gray and white
matter, postcentral white matter and inferior parietal white matter.
The volume of the total brain volume and the hippocampal formation
was larger in men than in women even after adjustment for height.
Inferior temporal cortex showed steeper aging trend in men. Small
but consistent rightward asymmetry was found in the whole
cerebral hemispheres, superior parietal, fusiform and orbito-frontal
cortices, postcentral and prefrontal white matter. The left side was
larger than the right in the dorsolateral prefrontal, parahippocampal,
inferior parietal and pericalcarine cortices, and in the parietal white
matter. However, there were no significant differences in age trends
between the hemispheres.

Introduction
A claim that the human brain is altered by aging is unlikely to

provoke a debate, and few would argue that the effects of age on

brain structure are uniform and diffuse. What remains unsettled

are more complex questions regarding specific patterns of

cerebral aging and their underlying mechanisms. It is unclear

whether coherent common patterns of localized brain changes

emerge in the normal aging population, or whether each

individual brain develops into a unique patchwork of regions

characterized by variable degree of stability and decline. It is also

unclear at which levels of neural and functional organization this

selective vulnerability is expressed: individual cells and their

organelles, cortical lamina, specific nuclei, cytoarchitectonically

distinct cortical regions, neurotransmitter systems, vascular

networks, or all of the above and more. Finally, if clear regional

differences do emerge in the aging brain, the question then is

what are the mechanisms that produce them, and what are the

functional sequelae of differential brain aging? In this report, we

examine the topography of age-related structural differences in

the human cerebral cortex using in vivo evidence from magnetic

resonance imaging (MRI), and offer some speculations on the

origins of these differences.

Post-mortem (PM) studies of mammalian brains suggest that

aging of specific regions and nuclei is heterochronic (see Flood

and Coleman, 1988 for review). Specifically, in the mammalian

cerebral cortex, there may be a gradient of aging from the

association areas to the primary sensory regions. In the past two

decades, noninvasive neuroimaging has been developed to

complement PM findings by providing description of the brain

structure and function in vivo. Such description lacks the

histological precision of PM studies, and at first, structural

neuroimaging yielded only nonspecific neuroanatomical

markers of senescence — cerebral ventriculomegaly and gen-

eralized shrinkage of the cerebral parenchyma (Freedman, 1984;

Jernigan et al., 1990). Nevertheless, in addition to these

nonspecific findings,  a  cumulative record of structural MRI

studies reveals clear regional heterogeneity: some   brain

structures show substantial age-related declines, while other

locales are relatively spared. First of all, a distinction between

aging of gray and white matter is apparent. The preponderance

of MRI data indicate that although microstructural changes in

the white matter are significant (Raz et al., 1990; Wahlund et al.,

1990), there is no significant age-related loss of the total white

matter volume (e.g. Jernigan et al., 1990; Pfefferbaum et al.,

1992, 1994; Raz et al., 1993a; Blatter et al., 1995). In contrast,

age differences in the total gray matter volume are substantial

(Jernigan et al., 1990; Pfefferbaum et al., 1992, 1994).

To date, regional differences in brain aging have not been

investigated in a systematic manner across a large number of

regions and specimens. The evidence from numerous PM and in

vivo studies suggests, however, that the prefrontal (e.g. Brody,

1955; Haug, 1985; Coffey et al., 1992; Raz et al., 1993a; Cowell

et al., 1994; DeCarli et al., 1994), the entorhinal (Arriagada et al.,

1992; Heinsen et al., 1994), and the temporal (Terry et al., 1987;

Cowell et al., 1994; Sullivan et al., 1995) cortices are the most

severely affected, whereas the primary visual and primary

somatosensory cortices may be more resistant to the inf luence

of age (see Kemper, 1994, for a review of human postmortem

literature, and Raz, 1996, for a review of the MRI findings).

Age-related changes in the hippocampal formation were

observed in many animal studies (reviewed by Flood and

Coleman, 1988), human PM studies (reviewed by Kemper, 1994)

and MRI investigations (reviewed by Raz, 1996). Nevertheless, in

some samples no significant age effects on hippocampal

pyramidal neurons were found (Flood et al., 1987; West, 1993),

and a recent neuroimaging report suggested a total lack of

age-related changes in hippocampal formation in a sample of

healthy men (Sullivan et al., 1995).

Functional imaging studies of the aging brain corroborate, at

least in part, the structural MRI findings. Whereas studies of

age-related differences in regional cerebral blood f low (rCBF)

reveal no age differences in the total brain blood f low, they

yielded data that show differential age-related decline in blood

f low to the prefrontal cortex and little change in the occipital

and temporal cortices (see Waldemar, 1995, for a review).

Two factors may   modify   the regional   distribution of

age-related changes in the cerebral cortex: sex and hemispheric

asymmetry. The brain is a sexually dimorphic organ (Goy and

McEwen, 1980), and aging may be a sexually dimorphic process

as well. In general, males are more vulnerable than females to a
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wide spectrum of central nervous system insults (Gualtieri and

Hicks, 1985). Such selective vulnerability is observed at the early

perinatal period, and may be attributed to differential

maturation of the sexes (Raz et al., 1994, 1995). It is plausible

that males are also more likely to experience adverse age-related

changes. Although gender-specific patterns of brain aging were

reported in few studies, men usually fare worse than women.

They show greater age-related declines in the volume of the

temporal lobe (Cowell et al., 1994), the dorsolateral prefrontal

cortex (Raz et al., 1993a) and the hippocampal formation (de

Toledo-Morrell et al., 1995), as well as greater age-dependent

increase in relative volume of cerebrospinal f luid (CSF) (Condon

et al., 1988) and in lateral ventricular size (Gur et al., 1991), and

greater thinning of the corpus callosum (Unsal et al., 1995).

There are two notable exceptions to this trend. In a recent study

of normal volunteers (Blatter et al., 1995), men evidenced very

modest declines in both gray and white matter volume (r = –0.26

and r = –0.24 respectively), whereas for women a clear

discrepancy in age trends was observed: r = –0.39 for gray and r

= 0.05 for white. In another study (Breteler et al., 1994) women

showed significantly higher prevalence of MRI white-matter

hyperintensities (WMH) than men.

The mammalian brain is an asymmetrical structure (see

LeMay, 1985, and Galaburda, 1995, for reviews), and the devel-

opment of its hemispheres may be asynchronous (Best, 1988).

One of the strongest and most consistent indices of hemispheric

asymmetry across the extant mammalian species and the fossil

records are frontal and occipital petalia — protrusion of the right

frontal  and  left  occipital poles  — that give many brains  an

appearance of being torqued around the central axis (LeMay,

1977, 1985). A number of researchers proposed that inherently

asymmetric brains may evidence hemisphere-specific pattern of

aging as well. With virtually no neuroanatomical data to bear on

the subject, physiological and behavioral evidence pertinent to

the hemi-aging hypothesis is equivocal (see review by Lapidot,

1983). Most of the electrophysiological findings summarized

by Lapidot point to a more rapid deterioration of the left

hemisphere, whereas the results of cognitive studies are

interpreted as evidence of right hemi-aging. However, a more

recent series of information processing experiments indicates

that when the task difficulty is equated, no specific age-related

lateralized deficit pattern can be discerned (Nebes, 1990).

Although the hypothesis of differential aging of the cerebral

cortex is intriguing, it rests on findings from studies that were

limited in the scope of surveyed cortical regions, and in the

number of examined subjects or specimens. In a few

prospective in vivo investigations of cortical regions in healthy

normal adults (Jernigan et al., 1991; Pfefferbaum et al., 1994;

Cowell et al., 1994), the investigators sampled, outlined and

measured cortical regions using computerized automatic

methods. Although this approach saves time and ensures

objectivity, it results in arbitrary division of the cerebral volume,

sometimes based on very limited neuroanatomical rationale.

Cortical regions which may differ in susceptibility to aging are

lumped together, and potential evidence of differential cortical

shrinkage is thereby obscured. In addition, in most of the in vivo

studies of normal brain structure, the regions of interest

included both white and gray matter, ignoring the possibility of

differential aging of these two cerebral components. A more

recent study in which some of these problems were alleviated

(Sullivan et al., 1995) dealt only with the temporal lobe

structures.

The studies of brain aging in vivo evidenced a number of

additional methodological limitations.    With some rare

exceptions, they were conducted on relatively small samples. In

some of these samples, young persons (under the age of 40) were

clearly overrepresented (Cowell et al., 1994), others (Sullivan et

al., 1995) were restricted to men. In some instances, the

sparseness of the MRI data obtained from relatively thick slices

threatened the validity of regional measures (Raz et al., 1993a;

Cowell et al., 1994). In virtually all MRI studies of the aging brain

to date, the asymmetry measures could have been inf luenced by

uncorrected changes in subject’s head position (Zipursky et al.,

1990). Finally, because the test of the hemi-aging hypothesis and

assessment of differential sex effects depend on the significance

of the hemisphere (or sex) × age interaction, maintaining

adequate statistical power calls for larger samples than are

usually available for neuroimaging studies (Cohen, 1988).

In this study, we address the following major questions. First,

are the association cortices more vulnerable than primary

sensory cortices to the effects of aging? Second, do men suffer

disproportionally greater age-related cortical changes than

women? Third, is there a clear lateralized pattern of cortical

aging? Our objective was to address the question of differential

aging of the cerebral cortex directly, within a unified framework

of a prospective in vivo investigation in a relatively large sample

with a balanced gender composition. To ensure attribution of the

findings to normal aging rather than to age-related pathology, we

screened out individuals with known health problems, and even

those with a moderate level of emotional distress. We used highly

reliable volumetric measures that  have been developed and

tested in our previous studies (Raz et al., 1993a,b, 1995) to

estimate the volume of specific brain regions that were

demarcated manually, based on clearly specified rules and easily

identifiable neuroanatomical markers. To ensure unbiased

measures of hemispheric asymmetry we acquired images with a

volume MRI sequence which permitted off-line adjustment for

head rotation, tilt and pitch.

Materials and Method

Subjects

The data for this study were collected in an ongoing investigation of

neuroanatomical correlates of age-related differences in cognition.

Subjects were recruited by advertising in local media and on the

University of Memphis campus. They were screened using an extensive

health questionnaire for history of cardiovascular, neurological and

psychiatric conditions, head trauma, thyroid problems and diabetes.

Subjects who reported a history of treatment for drug and alcohol

problems or admitted to taking more than three alcoholic drinks per day

were excluded from the study. Twelve subjects (five men and seven

women, aged 48–77 years) who reported a history of mild hypertension

were admitted as their blood pressure was successfully controlled by

medication. As suggested in the literature, people who adhere to a

medication regiment and control their hypertension are no more likely to

exhibit signs of cerebrovascular disease than normotensive elderly

(Fukuda and Kitani, 1995). In addition, the sample was screened for

cerebrovascular disease by inspection of white matter hyperintensities on

the MRI scans (see below for details). This procedure virtually eliminated

hypertension as a risk factor, for only in persons with very substantial

white matter hyperintensities is blood pressure predictive of the volume

of leukoaraiotic lesions (DeCarli et al., 1995). Of 166 subjects who

underwent MRI, all or substantial portions of the data for six subjects

were lost due to technical problems such as disk failure, excessive

movement artifacts, operator error and (in two cases) significant

discomfort to the subject during scanning.

All subjects were screened for dementia and depression using a

modified Blessed Information-Memory-Concentration Test (BIMCT,

Blessed et al., 1968) and Geriatric Depression Questionnaire (CES-D,

Radloff, 1977). For BIMCT we used a cut-off score of 30 correct out of
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possible 34, whereas for CES-D the cut-off score was 15. The average

BIMCT score was 32 ± 1 correct, and there was no correlation between

the score and age: r = 0.01. The average CES-D score in the sample was

5.13 ± 5.09, indicating a very low level of overt emotional distress in this

sample, and the correlation between CES-D score and age was r = –0.12

(NS). The average education was 15.77 years for the men and 15.86 for

the women. The correlation between education and age was r = 0.09

(NS). All subjects were strongly right-handed as measured by the

Edinburgh Handedness Questionnaire (Oldfield, 1971). Finally, all

subjects admitted to the study had their MRI scans examined by an

experienced neuroradiologist (J.D.A.) for signs of space-occupying

lesions and cerebrovascular disease. After this examination 10 subjects

(six men and four women, all >65 years of age) were removed from the

sample because of signs of mild to moderate cerebrovascular disease

(numerous punctate lesions, lacunar infarcts, significant unilateral

concentration of white-matter hyperintensities).

The final sample consisted of 148 healthy adults with age range 18–77

years, and mean age 46.47 ± 17.17 years. There were 82 women (age

45.72 ± 16.48 years), and 66 men (age 47.39 ± 18.07 years). The age

distribution was approximately rectangular, and did not differ between

the sexes, nor was the mean age difference significant (t < 1).

MRI Protocol

Imaging was performed at the Diagnostic Imaging Center, Baptist

Memorial Hospital, Memphis, TN on a 1.5 T Signa scanner (General

Electric Co., Milwaukee, WI). Initially, three contiguous sagittal images of

the brain were obtained TE = 16 ms, TR = 400 ms, slice thickness = 5.0 mm.

After examination of the scout images, the subject’s position was verified

and adjusted, and a volume image  was acquired  using T1-weighted

three-dimensional spoiled gradient recalled acquisition sequence (SPGR).

For each subject, 124 contiguous axial slices were acquired with TE = 5

ms, and TR = 24 ms, FOV = 22 cm, acquisition matrix 256 × 192, slice

thickness = 1.3 mm, and f lip angle = 30°. After the SPGR sequence a fast

spin echo (FSE) sequence of interleaved T2 and proton-density weighted

axial images was acquired to be used in screening for age-related

cerebrovascular disease. In this sequence the parameters were: TR = 3300

ms, effective TE = 90 ms, for T2 slices and effective TE = 18 ms, for proton

density slices. Slice thickness was 5 mm, and interslice gap was 1.5 mm.

Reformatting and Alignment of MR Images

After acquisition, the SPGR images were transferred to the General

Electric Independent Console for off-line reformatting. One of the

objectives of reformatting was to correct the image for undesirable

effects of head tilt, pitch and rotation. Images were reformatted with

General Electric proprietary software (version 3.0). Standard neuro-

anatomical landmarks were used to bring each brain into a unified system

of coordinates, and to correct the deviations in all three orthogonal

planes. In this standard position, the sagittal plane cut through the middle

of the interhemispheric fissure. The axial plane passed through the

anterior–posterior commissure (incorporating the AC–PC line) and

through the orbits, perpendicular to the sagittal plane. The coronal plane

was leveled by the orbits and the auditory canals, and passed

perpendicular to the axial. Reformatted images were cut into sections 1.5

mm apart and saved on a VHS tape. The thickness of the reformatted

slices was 0.86 mm (one linear pixel).

Computerized Analysis of the MRI Scans

Morphometry was performed using JAVA software (Jandel Scientific Co.,

San Rafael, CA). The MRI images were transferred to the VHS tape and

digitized via a TARGA M-8 frame-grabber board (AT&T Corp., Murray Hill,

NJ). A trained operator displayed each image on the video monitor screen

with standard brightness and contrast, and outlined the areas of interest

(AOI) using a digitizing tablet. The areas were computed by  JAVA

software, and the volumes of regions of interest (ROIs) were calculated

using the basic volume estimate (Uylings et al., 1986), which amounts to

a sum of the AOI areas multiplied by the inter-slice distance. All measures

were calibrated using a standard ruler bar provided on the MRI scans

along the image, and volumes were computed in cubic centimeters (cm3).

Delineation of the ROIs

Trained operators who were blind to the subjects’ exact age and sex

manually traced all ROIs. The set of slices containing each ROI was split

into two equal groups at random, and each half-sample was traced by a

different operator. In occasional regions of partial voluming, the operator

interpolated the line between two clearly definable segments of the

cortical border. We resolved all questionable cases by consulting the

correlative and general brain atlases (DeArmond et al.,1976; Duvernoy,

1988; Montemurro and Bruni, 1988; Nieuwenhuys et al., 1988; Ono et al.,

1990; Talairach and Tournoux, 1988). Our approach is similar although

not identical to the cortical parcellation methodology developed by

Rademacher et al. (1992). The identification and tracing rules were

anchored in neuroanatomical  markers, and geared towards reliable,

conservative sampling of the ROIs, which therefore included less than the

totality of the structure they denoted, but avoided encroachment into

other ROIs. Our approach to definition of the ROIs is more faithful to

anatomic distinctions than fully automated approaches that divide the

brain into arbitrary geometrically defined segments, although it still falls

short of strictly neuroanatomical parcellation. The latter, designed along

the lines proposed by Rademacher and colleagues, would require more

painstaking attention to specific sulcal patterns on a three-dimensional

surface rendering. Such three-dimensional assistance was unavailable in

our software. The following ROIs were identified, traced and measured

according to the rules outlined below, a compendium of which is

available upon request. In brief, the rules of ROI demarcation relied on a

set of neuroanatomical markers which ideally should have been sufficient

for ROI definition. However, constraints on white–gray matter separation

(e.g. high density of convolutions in the proximity of the frontal pole) and

lack of obvious landmarks forced us to modify this approach by cutting

the structure according to fixed percent-of-volume criteria in cases when

reliable determination of the boundaries was impossible. The importance

of not encroaching onto other structures and preserving the highest

possible reliability took precedence over the desire to obtain the most

complete and accurate description of a given anatomical region.

Reformatting produced between 93 and 114 coronal slices per

subject, and tracing all of them would have been prohibitively

time-consuming. Therefore, we estimated the volume of each cerebral

hemisphere from coronal slices separated by 4.5 mm gaps (every third

slice sampled). In addition, the areas of the three most rostral and three

most caudal slices sampled with a 1.5 mm gap were measured to evaluate

frontal and occipital petalia. Thus, the total volume of the hemispheres

was determined on the basis of 37–44 sections. Gray and white matter

were included in traced hemispheres, whereas cerebral ventricles,

midbrain, cerebellum and pons were excluded. To analyze the pattern of

the frontal and occipital petalia, we examined three most anterior and

three most posterior slices of the whole brain, and computed the

asymmetry index by subtracting the left volume from the right and

normalizing by their average volume.

The volume of the dorsolateral prefrontal cortex (DLPFC) was

computed from 10–13 coronal slices separated by 1.5 mm gaps and

located rostrally to the genu of corpus callosum. This ROI included

superior, middle and inferior frontal gyri and covered Brodmann areas 8,

9, 10, 45, 46. The DLPFC was defined as the gray matter located between

the most dorsomedial point of the cortex and the orbital sulcus. We

estimated the volume of the orbitofrontal cortex (OFC) from the same

slices, using the most lateral branch of the orbital sulcus as the lateral

boundary and the olfactory sulcus as the medial boundary. The OFC

included parts of Brodmann areas 11 and 47. Thus, OFC and DLPFC were

complementary parts of an ROI labeled the prefrontal cortex (PFC).

To determine the range of inclusion, we calculated the number of

slices from the frontal poles to the slice immediately rostral to the genu of

the corpus callosum. The operators measured the DLPFC and the OFC on

the caudal 40% of these slices. Only the continuous cortical ribbon was

measured; gray matter was excluded if it was completely enclosed by

white matter. Examples of coronal slices used to estimate the DLPFC and

the OFC volume are shown in Figure 1A.

Anterior cingulate gyrus (ACG) was measured on four coronal slices

in the same series of slices that was used for DLPFC measures. This

shorter series incorporated 16% of the total number of slices rostral to the

genu of the corpus callosum. The anterior cingulate gyrus was defined as

all gray matter falling between the inferior and superior cingulate sulci,

and corresponded approximately to the most anterior part of the
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Brodmann area 24 or prelimbic area. Examples of anterior cingulate gyrus

tracing are shown in Figure 1A.

Prefrontal white matter volume was estimated from five to seven

coronal slices separated by 3 mm gaps. The total hemispheric white

matter area was measured on every other slice from the sequence

described above. The frontal horns of the lateral ventricles as well as any

gray matter enclosed within the white matter were excluded from the

prefrontal white matter measure.

The volume of the precentral gyrus (including primary motor cortex,

MC) was estimated from four to six coronal sections separated by 1.5 mm

gaps. The range of slices was defined as the rostral 75% of the number of

slices between the anterior commissure to the mammillary bodies. To

locate the superior boundary of the precentral gyrus, a line was drawn

along the dorsal surface of the lateral ventricle and extended to the

surface of the cortex (Figure 2B). The precentral sulcus was identified as

the first major sulcus located at or below the intersection of the line with

the cortical ribbon, while the most superior branch of the lateral sulcus

served as the inferior boundary. Therefore, the whole precentral gyrus

was not included in the ROI, nor did all of the ROI volume represent the

primary motor cortex. Thus, precision of area representation was

sacrificed for improved reliability. Nevertheless, the ROI represented

most of the precentral gyrus, and covered a substantial part of the

primary motor cortex (Brodmann area 4). Examples of precentral gyrus

tracings are presented in Figure 2A.

Figure 1. Regions of interest highlighted on coronal slice: (A) dorsolateral prefrontal (DLPFC); orbito-frontal (OFC) and anterior cingulate cortex (ACG); (B) primary visual cortex (VC).

Figure 2. Coronal slices with ROIs highlighted: (A) precentral gyrus (primary motor cortex); (B) primary somatosensory cortex (SSC), with the line indicating implementation of the
‘ventricle rule’.
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The borders of the postcentral gyrus (including primary

somatosensory cortex, SSC) are the central sulcus, the Sylvian fissure and

the postcentral sulcus. The volume of the postcentral gyrus was estimated

from six to nine coronal slices sampled with 1.5 mm gap. The range of

slices was determined by taking the rostral 50% of the slices between the

mammillary bodies and  the posterior commissure. To establish the

superior and inferior limits, the same rules as for the precentral gyrus

were applied. The selection, demarcation and measurement approach to

this ROI were similar to those used for the precentral gyrus. This ROI

corresponded approximately to Brodmann areas 1–3, and is depicted in

Figure 2B.

The volume of the inferior parietal lobule (IPL) was estimated from

five to ten coronal slices, 1.5 mm apart. We determined the range of slices

by taking the rostral 65% of the slices between the posterior commissure

to the slice immediately caudal to the end of the splenium of the corpus

callosum. To locate the superior boundary of the IPL, an operator drew a

line along the dorsal surface of the lateral ventricle, extending it to the

surface of the cortex. The IPL was demarcated by the first major sulcus

located at or slightly above the intersection of the line with the cortical

ribbon — the postcentral sulcus. The most superior branch of the lateral

sulcus served as the inferior boundary. The borders of this ROI included

mainly Brodmann area 40 (see Figure 3A for an example).

The volume of the superior parietal cortex (SPC) was estimated from

the slices ranging across the rostral 65% of the distance between the

posterior commissure and the splenium of the corpus callosum (as in IPL

volume estimate). The superior cingulate sulcus, which is located on the

medial border of the central sulcus, was used as the superior boundary of

this ROI. All cortex between this and the inferior boundary is included.

To determine the inferior boundary, the ventricle rule (see IPL, SSC and

MC demarcation rules above) was applied to demarcate the largest sulcus

or major branch of a sulcus) at or slightly above where the ventricle line

crosses the lateral cortex. In practice, this included all cortex superior to

Figure 3. Coronal slices with (A) inferior parietal lobule (IPL), and (B) superior parietal cortex (SPC) highlighted.

Figure 4. Coronal slices with the temporal-occipital ROIs highlighted: (A) inferior temporal (ITG) and parahippocampal (PHG) gyri, and the hippocampal formation (HC); (B) fusiform
gyrus (FG).
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that demarcated as the IPL, mainly Brodmann area 7, as depicted in Figure

3B.

The volume of pericalcarine (visual) cortex (VC) was estimated as the

volume of the cortical ribbon lining the calcarine sulcus. This sulcus

appeared as the most ventromedial sulcus in the temporo-occipital cortex

at the coronal slice that is mid-vermis or immediately caudal to

mid-vermis. The range of the VC extended through the caudal coronal

slices, but because the high density of convolutions on the caudal slices

precluded reliable measurement, VC was measured on the anterior 50%

of the coronal slices between the mid-vermis slice and the occipital pole

(13–15 coronal slices, 1.5 mm apart). The inferior and superior

boundaries of this ROI were defined as the point at which the opening of

the sulcus occurred. At this point a line was drawn horizontally so that no

cortex (dorsal or ventral) outside of the calcarine sulcus was included.

This ROI contained mainly the primary visual cortex (Brodmann area 17)

and probably some secondary visual areas (Brodmann area 18) as well. An

example of VC tracings is presented in Figure 1B.

The volume of several parietal white matter ROIs (precentral,

postcentral, inferior and superior parietal) was estimated from 18–25

coronal slices separated by 1.5 mm gaps. These were the same slices that

were used for measurement of the MC, SSC, IPL and SPC.

Parahippocampal gyrus (PHG) volume was estimated from 25–30

coronal slices, 1.5 mm apart. The first slice was the one on which the

temporal stem became discernable; while the most caudal slice that

showed the pulvinar was the last in the series. The superior border was a

horizontal line drawn from the most medial point of the PHG white

matter to the cortex, whereas the inferior border was the most inferior

line drawn from the most inferior point of the collateral sulcus to the

white matter. To discriminate the HC and PHG, the subiculum was

excluded from the PHG. Reliable demarcation between the perirhinal and

entorhinal cortex was not feasible due to substantial complexity and

individual variability in these structures (Insausti et al., 1995). This ROI

included almost the entire entorhinal cortex (Brodmann area 28) as well

as additional PHG area (see Figure 4A for an example of PHG tracing).

Inferior temporal gyrus (IT) volume was estimated from 20–28

coronal slices separated by 1.5 mm, and ranging from the mammillary

bodies to the last slice containing the splenium of the corpus callosum.

This ROI encompassed all the gray matter between the inferior temporal

and occipitotemporal sulci, corresponding to the Brodmann area 20, as

depicted in Figure 4A.

The fusiform gyrus (FG), which spans temporal and occipital lobes,

was measured in two steps. First, the areas of the ROI were obtained from

successive coronal slices beginning with the level of the anterior

commissure to the  last slice  on which  the splenium of the  corpus

callosum was present. After that, the posterior fusiform gyrus range was

determined by counting the number of slices between the occipital poles

and the most anterior slice on which the splenium is no longer present,

and taking 33% of that range. On the slices anterior to the most caudal

point of the splenium, the lateral boundary of the FG was the

occipitotemporal sulcus. Starting at the first slice retrosplenial slice, the

lateral boundary was the most ventro-lateral sulcus. In most (but not all)

cases this was the occipitotemporal sulcus. The medial boundary of the

FG was the collateral sulcus. In the posterior portion of the FG the

collateral sulcus bifurcates into the most medial (lingual) sulcus and was

not traced. At that point, the collateral sulcus becomes the most lateral

sulcus, and it is used as the medial boundary. The sulci were ‘cut’ by

bisecting the boundary sulcus so as to create the internal aspects of the

sulcus even if they were not present. The FG as demarcated here covered

Brodmann areas 37 and 19 (inferior part). An example of FG tracing is

presented in Figure 4B.

Hippocampal formation (HC) was measured on a series of 19–25

coronal slices. As we were unable to separate the hippocampus proper

from the rest of the formation, we use the term hippocampus only as a

matter of convenience.  The mammillary  bodies  defined the rostral

boundary of the HC; its caudal boundary was marked by the slice showing

the fornices rising from the fimbria. Care was taken not to include the

amygdala in this ROI. The examples of tracing of the HC are presented in

Figure 4A.

We assessed reliability of the volume measures using intraclass

correlation [ICC(3), Shrout and Fleiss, 1979]. The ICC(3) is applicable to

a fixed set  of  raters,  and  it  takes into account both the  inter-rater

agreement on the linear order of the measured objects (as does the

Pearson correlation coefficient), and the absolute size of each measured

object (as does the t-test). The ICC(3) for each ROI was based on tracings

by two operators who were selected from a group of eight. To achieve

high reliability, the operators were trained, side-by-side, on a random set

of brains until they reached good agreement on interpretation of the

rules. After agreement was reached, each operator traced another

randomly selected set of 6–12 brains independently from the total sample

of 43 brains available from our database at that time. Only pairs of

operators who achieved desirable level of reliability (ICC ≥ 0.90) traced

given ROIs. The reliability coefficients ranged from 0.90 for the

precentral gyrus volume to 0.99 for the volume of the prefrontal white

matter, the cerebral hemispheres and the hippocampus. The median

reliability coefficient was ICC(3) = 0.94.

Results
The hypotheses concerning  age trends, sex differences and

hemispheric asymmetry were tested within a general linear

model framework. The volumes of each ROI and the whole brain

served as dependent variables in 17 linear models, with sex as a

grouping factor, age as a continuous independent variable, and

height as a covariate. Hemisphere (right versus left) was treated

as a repeated measure.

Height was introduced into the models to control for the

inf luence of body size on the volume of the brain and its regions.

Although there was no association between age and body size

within the sexes (r = 0.00 for men, and r = 0.05 for women),

men, as expected, were taller than women: 178.19 versus 165.35

cm, t(146) = 11.98, P < 0.001. Men also had larger heads [t(146)

= 5.18, P < 0.001], and covarying head size could have been an

alternative way of controlling for sexual dimorphism in body

size. We opted for height as a covariate for the following reason.

In early development, brain growth contributes directly to the

increase in head size, and in adults, head size is closely related to

the volume of the brain. In our sample, the two variables

correlated (r = 0.47 for men and r = 0.56 for women), even

though one (head) was represented by a cross-sectional area on

a single midsagittal slice and the other (brain) by the volume

computed from coronal slices. Removal of the variance

associated with the head size from the ROI volume would have

eliminated a substantial share of the true brain variance. In

assessing relations between the size of brain regions and other

variables, this variance must be retained. Doing otherwise would

amount to over-correction and under-estimation of the true age

and sex differences. Head size would be an appropriate covariate

in a study of gyral atrophy, in which the goal is to determine

changes in cortical mantle relatively to the cranial cavity. The

premise  of adjusting  ROI volumes for head size is that  the

nonparenchymal part of the brain is CSF accumulated through

an atrophic process. Historically, that was the reason for

adjustment by computing ROI-to-cranium ratios. In this study,

however, the assessment of gyral or ventricular atrophy was not

our goal.

The continuous independent variables (age and height) were

recentered at their respective means. The interactions between

each continuous variable and the grouping factor were tested to

check for homogeneity of regression slopes across the groups. If

these interactions were nonsignificant, they were removed from

the model and the reduced model was fitted to the data. This was

the case in all but two models. For the whole brain, primary

somatosensory cortex and the hippocampus the homogeneity of

slopes assumption was not met (the sex × height interaction was

significant at P < 0.10 level), and separate linear models were

fitted for each sex.

The results of the linear model analyses presented in Table 1
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are summarized below. All significance levels were adjusted for

the number of comparisons (17) using Bonferroni correction,

and  statistical significance was declared for P < 0.003. We

highlight, however, effects that were significant at the

uncorrected 0.01 level limits as well.

Age differences

Although many regions of the cerebral cortex evidenced

statistically significant negative age trends, the magnitude of the

declines varied widely across the locales. Linear trends for

age-related differences in cortical ROIs are depicted (along with

the distribution of the measures across the age span) in Figure

5A–C. Except for the orbito-frontal cortex [F(1,145) = 5.90, P <

0.025] there were no significant deviations from linearity.

Although statistically significant, that trend was rather weak, and

added only 3.1% of the explained variance.

The steepest age-related trend was observed for the prefrontal

gray matter: the dorsolateral and the orbital frontal cortices.

Because these ROIs were correlated (r = 0.60, P < 0.001), we

combined them into one ROI: the PFC. This linear trend

corresponds to the loss of prefrontal gray matter at an average

rate of 4.9% per decade. The similar trend for the superior

parietal cortex showed an 4.3% per decade decline, compared to

2% per decade for the hippocampus. We compared Pearson

correlations between age and the ROI volumes (Table 1) using

Steiger’s Z* statistic, which takes into account the correlation

between the variables correlated with age (Steiger, 1980). The

correlation between PFC volume and age (r = –0.55) was

significantly larger than the next largest correlation, between

age and the SPC volume (r = –0.36), Z* = 2.47, P < 0.015.

Sex differences

Considerable discrepancy in body size could account for sex

differences in cortical ROI volume, and this factor had to be

taken into account. After body size (stature) was controlled

statistically, most ROI volumes did not differ significantly

between men and women. There were two notable exceptions:

men had significantly larger cerebral hemispheres, and

hippocampi even after adjustment for height. There were no

significant sex differences in the slopes of age trends (P > 0.10

for sex × age interactions) except for the inferior temporal

cortex. Age-related differences in the IT volume declines were

marginally significant [F(1,142) = 4.01, P < 0.05 for the

interaction effect], with men (r = –0.49) being more affected

than women (r = –0.24).

Cerebral Asymmetry

We observed a small (∼1%) but consistent rightward
1

asymmetry

of the cerebral hemispheres. (We use the terms ‘leftward’ and

‘rightward’ in reference to asymmetry to indicate that the left or

the right hemisphere of the ROI is larger.) The hemispheric

differences were most prominent in the white matter: rightward

for the prefrontal and postcentral gyri, and leftward for the

inferior parietal lobule. Prefrontal and parietal gray matter

showed a mixed pattern of lateral differences: DLPFC was larger

on the left, whereas the OF cortex volume was greater in the

right hemisphere, the inferior parietal lobule was decisively

Table 1
Effects of age, sex and hemisphere on cortical ROIs after adjustment for height

Structure F ratio Pearson r with age

Age Sex Asymmetry

Whole braina 44.09*** 16.98*** 64.97***R –0.42
Men 28.51*** 34.22***R –0.55
Women 17.54*** 30.68***R –0.41

Prefrontal gray matter 68.17*** 1.14 8.46***L –0.55
Dorsolateral prefrontal cortex 56.13*** 0.40 22.58***L –0.51
Orbito-frontal cortex 45.49*** 4.55 13.12***R –0.48

Anterior cingulate cortex 6.51 2.94 0.04 –0.18
Parahippocampal cortex 6.03 0.75 27.75***L –0.18
Inferior temporal cortexb 25.71*** 0.23 1.10(R) –0.35

Men 19.62*** 8.32*(R) –0.49
Women 6.94* 0.16(R) –0.24

Fusiform gyrus 25.84*** 5.83 13.55***R –0.35
Hippocampal formationa 16.39*** 10.83*** 2.74(L) –0.28

Men 5.99 1.74(L) –0.29
Women 10.78*** 0.83(L) –0.34

Precentral (primary motor) cortex 1.30 3.74 1.25(L) 0.09
Postcentral (primary somatosensory) cortexa 14.24*** 6.42 2.70(R) –0.26

Men 7.94* 0.45(R) –0.33
Women 6.30 3.71(R) –0.25

Superior parietal cortex 21.52*** 0.00 23.97***R –0.36
Inferior parietal cortex 5.12 0.93 54.19***L –0.18
Pericalcarine (primary visual) cortex 6.46 6.85* 13.26***L –0.19
White matter

Prefrontal 8.97** 5.87 27.01***R –0.22
Precentral 0.95 2.02 5.40(L) –0.08
Postcentral 2.51 3.84 13.07***R –0.12
Superior parietal 6.92** 0.00 7.06*L –0.22
Inferior parietal 0.00 1.01 73.36***L –0.00

aSex × height interaction was significant and could not be removed from the model. Separate models were fitted for each sex.
bSex × age interaction was significant and could not be removed from the model. Separate models were fitted for each sex.

*P < 0.01; **P < 0.003; ***P < 0.001. Bonferroni critical α = 0.003. Correlations significance: for |r|> 0.20, P fs20 0.01; for |r|> 0.25, P fs20 0.003; for |r|> 0.27, P < 0.001.

274 Aging of Cerebral Cortex • Raz et al.



Figure 5. (A–C) Scatter plots and simple linear regressions of regional brain volumes on age. For orbito-frontal cortex both significant components – linear and quadratic – are
depicted in (A) above.
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Figure 5B

276 Aging of Cerebral Cortex • Raz et al.



Figure 5C
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larger on the left, while the reverse was true for the superior

parietal cortex. The parahippocampal and the pericalcarine

cortices were larger in the left hemisphere, whereas the

fusiform gyrus was larger on the right. None of the measured

ROIs exhibited clear hemispheric differences in age-related

shrinkage. The strongest evidence of (right) hemi-aging was

observed for the superior parietal white matter. The semipartial

correlations between the latter region’s volume and age

(controlling for height) were –0.27 for the right and –0.13 for the

left, with a marginally significant hemisphere × age interaction:

F(1,144) = 5.41, P < 0.025.

For frontal and occipital asymmetry (petalias) we observed

the expected torque pattern: excess tissue volume in the right

rostral (24.2 ± 38.2%) and left caudal (47.6 ± 75.1%) tips of the

brain. The Spearman correlation between the measures of

frontal and occipital petalias was ρ = –0.43, P < 0.001, indicating

that people with greater asymmetry on one end of the brain

were likely to exhibit a more prominent reversed asymmetry on

the other end. Neither age (both rs < 0.05, NS), nor sex (both ts

< 1.14, NS) had a significant effect on petalias.

When head  size  was  substituted for  height  in the linear

models, the pattern of the results remain essentially unchanged,

with the prefrontal gray matter still showing greater age-related

differences than any other ROI. However, due to greater share of

common variance between the brain and the head size, the

magnitude of all age effects and most of the sex effects was

reduced. Specifically, the age effects on hippocampal formation,

primary somatosensory cortex, prefrontal and superior parietal

white matter were no longer significant. The other notable

changes were appearance of significant leftward asymmetry of

the hippocampal formation [only for men, F(1,63) = 11.64, P <

0.001], a significant sex difference in the anterior cingulate

gyrus volume [F(1,144) = 11.56, P < 0.001], and a significant sex

difference in the postcentral gyrus [F(1,144) = 11.20, P < 0.001].

Men had larger volumes in all three instances.

Discussion

Cortical Aging

The results of this prospective cross-sectional investigation

support the hypothesis of differential brain aging. The observed

in vivo pattern of regional stability and decline in the cerebral

cortex replicates and extends our previous findings (Raz et al.,

1993a) as well as the PM literature. The PFC exhibits greater

sensitivity to aging than the rest of the cerebral cortex. Other

polymodal and visual association cortices (superior parietal,

inferior temporal and fusiform) evidence sizeable but

significantly milder age-related declines, whereas primary

sensory and motor areas are either minimally affected or remain

intact throughout life. The exceptions to this rule are the

parahippocampal gyrus and the inferior parietal lobule, both

polymodal association areas that, in this sample, showed little

change with age. The results of rCBF studies (Grady et al., 1994,

1995) suggest that the dorsal (occipito-parietal) visual pathway

may be more sensitive to the effects of age than its ventral

counterpart, which includes the inferior temporal and the

fusiform gyri. They also suggest that aging may be associated

with weakening of connections between the two areas. Our

findings provide only partial support for this hypothesis as both

superior parietal and inferior temporal-fusiform regions are

equally and moderately affected by aging.

Somewhat surprising is the lack of more substantial age-

related differences in the limbic regions — the hippocampal

formation and the anterior cingulate gyrus. Animal and human

PM studies reveal age-related changes in the hippocampus

(Landfield, 1988; Kemper, 1994), and although some exceptions

have been reported (Sullivan et al., 1995), it is unlikely that

in healthy humans this structure is age insensitive. The hippo-

campus is a complex structure, and its distinct subdivisions

evidence differential aging rates. The magnitude of the correla-

tions between age and neuronal count in specific areas of the

hippocampus vary as widely as the age trends among the cortical

ROIs in our sample: the r = –0.46 for subiculum is balanced with

r = –0.11 for the CA1 field, with the median correlation of r =

–0.21 (West, 1993). A small age-related decline in the total

hippocampal volume (r = –0.28) observed in our sample is

comparable to the age effects on the hippocampus reported in

West’s study. Thus, our findings for the hippocampal formation

are in line with what is reported in the literature, and the

perception of discrepancy arises from the fact that PFC shows

even greater age-related declines.

The biological mechanisms underlying the observed differ-

ential aging of the cerebral cortex are unknown. All major

monoaminergic neurotransmitter systems of the brain can be

implicated to some degree in promoting selective cortical aging

by mediating the loss of neurons in cortical targets through

age-related atrophy of their subcortical sources (Bartus et al.,

1985; Kemper, 1993; McGeer et al., 1990; Manaye et al., 1995).

Although substantial neurochemical and neuropharmacological

evidence implicates monoamines, and especially dopamine, in

selective brain aging (Goldman-Rakic and Brown, 1981; De

Keyser et al., 1990; Kalaria et al. 1989; Kalaria and Andorn,

1991; Wong et al., 1984; Scarpace and Abrass, 1988; Amenta

et al., 1990, 1994), other findings suggest a more generalized

pattern of age-related changes in cortical neurochemistry (Blin

et al., 1993; Bigham and Lidow, 1995; Williams and Goldman-

Rakic, 1993). A model of brain aging based on central choliner-

gic dysfunction (Bartus et al., 1985) is even less likely to account

for the observed pattern of differential cortical aging, for it

predicts age-related deterioration of structures that receive

dense cholinergic projections from the nucleus basalis of

Meynert — the hippocampus, prefrontal  cortex,  parahippo-

campal and cingulate gyri, and the insula (Mesulam et al., 1984;

Wenk et al. 1989).

The pattern of selective cortical aging reported here

resembles the map of brain distribution of growth-associated

protein (GAP-43), which is considered a marker for neural

plasticity.  The highest concentrations of  GAP-43 have been

observed in the association cortices, and only a minimal amount

was detected in the primary sensory areas (Neve et al., 1988),

and GAP-43 expression is reduced with age (Ostereicher et al.,

1988). If neural plasticity is driven by changes in Ca2+ f low

(Lynch and Baudry, 1991), neurons characterized by a greater

ability to change Ca2+ current may be better suited for structural

changes. However, the inf lux of the same ion is also responsible

for excitotoxicity and, eventually, in cell death (Landfield, 1988;

Dubinsky, 1993). Therefore, areas of greater plasticity may be

especially vulnerable to aging. The primary neuronal membrane

glycosphingolipids — gangliosides — play an important role in

synaptogenesis and repair of the neurons, and the pattern of

their age-related decline resembles the map of cortical aging

observed in this sample (Kracun et al., 1992). This observation

suggests that selected cortical regions, such as the PFC, may

suffer accelerated aging because of an impaired ability of the

neurons that populate them to repair the damage and to alter

their connectivity patterns.
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Selectivity of brain aging may have evolutionary and onto-

genetic underpinnings. Age-sensitive regions of the neocortex

are the latest phylogenetic additions to the brain, whereas the

primary  sensory  areas  have changed little in  the  course of

mammalian evolution (Armstrong, 1990; Sarnat and Netsky,

1981). In early development, age-sensitive cortical regions also

tend to mature later than the areas relatively spared by aging

(Huttenlocher, 1990; Koop et al., 1986; Semenova et al., 1989).

Thus, increased vulnerability to aging may be the price for

increased developmental malleability of some cortical areas.

Methodological Limitations

In interpreting the results of this and other in vivo MRI studies,

we must take into account several methodological limitations.

First, the neurohistological meaning of age-related differences

in the gross volume of cerebral tissue observed on the MRI

remains unclear. Without exception, in all regions that

evidenced age-related differences in tissue volume, the gray

matter appears more sensitive to aging than the white matter.

Selective vulnerability of brain tissue to aging may serve as an

example of pathoclisis, a concept proposed by Vogt and Vogt

(1951), who argued that some gray matter structures (grisea)

have increased susceptibility to pathogens. The observed

reduced volume of the cortical ribbon may ref lect loss of

neuronal bodies, decrease in their volume or thinning of the

dendritic arbor. It is unlikely to indicate the loss of glial cells, for

in contrast to the evidence of age-related neuronal loss, neuronal

shrinkage and dendritic atrophy (Coleman and Flood, 1987;

Flood and Coleman, 1988), the glial population may increase

with age (Devaney and  Johnson, 1980;  Peters et al.,  1991;

Landfield et al., 1977). Moreover, gliosis associated with

cumulative regional neuropathology would have increased the

volume of the ROIs, and would not contribute to age-related

shrinkage. In contrast, regressive changes in the dendritic arbor

may account for senescent reduction in cortical volume,

especially in the areas where the size of the cortical ribbon does

not stabilize in infancy, but grows into adolescence. Such growth

(as observed in the PFC) cannot ref lect addition of neurons. It

can be produced only by proliferation of astroglia, expansion of

vasculature or increase in dendritic arborization (Purves, 1994).

Therefore, with glia excluded as a contributor to age-related

reduction in gross cortical volume, vascular changes and,

especially, recession of the dendritic arbor appear to be good

candidates to explain age-related neuroanatomical regression.

Throughout the brain we observed modest, if any, age-related

declines in the regional white matter volume. Although these

findings are consistent with almost all published MRI studies,

their interpretation is not simple. The gross white matter

volumes measured in these studies are determined by multiple

factors with opposing inf luence. Aging is associated with the

loss  of myelin (Ansari and Loch, 1975) — a process that is

expected to bring reduction of the white matter volume. On the

other hand, a parallel process of expansion of the capillary

network and swelling of perivascular spaces (Meier-Ruge et al.,

1992) is likely to cause increases in the volume of tissue

identified on T1-weighted MRI scans as white matter.

The second neuroanatomical limitation is that although our

approach to delineation of cortical ROIs by gross neuro-

anatomical criteria and landmarks is better in accommodating

individual variability than automated, template-based methods

(Rademacher et al., 1992, 1993), it still lacks the confidence of

the methods used in animal studies (Felleman and Van Essen,

1991). Although our study is an incremental step in approaching

the goal of mapping human brain in aging and development, we

can only hope that its results will be confirmed with more

refined methods of in vivo neuroanatomy that are being

developed.

The third limitation stems from the design of the study. This is

a cross-sectional investigation in which age differences observed

at a given time are used to make inferences about the aging

process. Such studies have known limitations. The main threat

to the validity of our conclusions lies in possible confounding of

age differences and cohort effects. Specifically, a secular trend in

brain growth (Miller and Corsellis, 1977) may account for what

we   viewed as age-related declines. Nothing   short   of   a

longitudinal study can alleviate this concern completely. We do

believe, however, that secular trends in brain growth are unlikely

to inf luence our findings. First, the brain increase within the

span of the last generations coincides with the general increase

in body size. Furthermore, Haug (1987) estimated that secular

increases   in stature are 1   mm/year, which amounts to

∼0.6%/decade. The added growth of the brain is estimated at 0.6

cm3/year or ∼0.5%/decade. Secular increases as such are smaller

by an order of magnitude than age-related differences observed

in this sample. In any case, by covarying height, we removed at

least a substantial fraction of secular trend variance from the

volume–age relationships. Second, the secular increase is

unlikely to inf luence selected parts of the brain. Therefore, even

if there were a considerable contribution of generational

changes in general brain and body size, the relative pattern

should still be preserved.

Sex Differences

The results of this study in general do not support the hypothesis

of accelerated age-related declines in men. The volume of the

whole cerebrum and at least one of its regions (the hippo-

campus) were larger in men, regardless of age, and in other parts

of the cortex the nonsignificant trends invariably favored men, in

spite of adjustment for rather large differences in body size

(stature). Only in one region (IT) was the age-related decline in

volume marginally steeper in men, with the hippocampus

showing a trend in the opposite direction. It is important to

emphasize, however, that examination of sexually dimorphic

properties of the brain in this study was constrained by our

sampling strategy. We concentrated on recruiting healthy

participants of both sexes, and probably made the resulting

sample less then optimal for examination of sex differences in

aging. Because sex is associated with differential risk for

age-related diseases, it is possible that the men selected for this

study were more atypically healthy than women. Such selection

bias could have obscured sex differences in aging trends.

The observed sex differences in brain volume replicate brain

weight findings reported in PM literature (Ankney, 1992). The

magnitude of sex differences in cerebral size (d = 0.93)2, is not

significantly different from those reported in other MRI studies

of lifespan samples (Shah et al., 1991; Gur et al., 1991; Raz et al.,

1993b; Jäncke et al., 1995). [We used Hedges and Olkin’s (1985)

index corrected for sample-size (effect size, d) to estimate the

magnitude of sex differences. Hedges’ d is a modification of

Cohen’s (1988) d and represents the difference between group

means normalized by the pooled standard deviation and

multiplied by the correction factor.] A study on a considerably

smaller sample (Bhatia et al., 1993) revealed a sex difference

twice as large. The latter group of investigators also found sex

differences of ∼0.75 of standard deviation in the hippocampal
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volume, which are comparable to the differences observed in

this sample.

It is possible that true but small sex differences could have

been obscured by increased variability of structure size.

Specifically, in our sample, there was a negative correlation (ρ =

–0.54, P < 0.05) between the rank-ordered magnitude of sex

effect (F value in the linear model) and the rank-ordered

coefficient of variation (CV, i.e. the ratio of the standard

deviation to the mean). Thus, sex differences were more likely to

be detected in the ROIs with lesser variability. Given excellent

reliability of the measures, the issue becomes the validity of the

representation of the real structures by their MRI images. For

instance, when sampled at the same rate, smaller structures are

represented less accurately than their larger counterparts, and

could have been more prone to bias against the alternative

hypothesis. This argument, however, does not hold for sex

differences for there was no relationship between the magnitude

of sex effect and the ROI size: ρ = 0.07, NS.

Cerebral Asymmetry

Most  of the  cerebral asymmetry  findings  in this sample of

consistent right-handers are in accord with expectations based

on the recent findings in functional neuroimaging and the lesion

literature. However, our finding of leftward asymmetry in the

parahippocampal gyrus is contrary to the previously reported

rightward bias (Weis et al., 1989). The rightward asymmetry of

the whole brain replicates the PM (von Bonin, 1962) and MRI

(Weis et al., 1989; Gur et al., 1991; Giedd et al., 1996) findings,

and is inconsistent with our previous report of a left-hemisphere

bias (Raz et  al. 1993b).  The reason  for  this discrepancy is

unclear, although it is plausible that lack of off-line correction for

head rotation and limited sampling of the brain volume in our

1993 study could account for the asymmetry reversal. The very

modest magnitude of asymmetry (∼1%) makes it sensitive to even

small differences in methodology.

The cerebral ROIs measured in this sample have been

implicated in a variety of functions, some of them strongly

lateralized (Petersen et al., 1988; Price et al., 1994; Petrides et

al., 1995; Corbetta et al., 1993; Roland and Gulyás, 1995; Fiez et

al., 1995; Smith et al., 1995). It is possible that areas that are

crucial for these specialized cognitive skills have developed

consistent, albeit small, hypertrophy both in evolution of the

species and  in development of the individuals. This thesis,

however, cannot  explain relative volumetric  stability of  the

IPL, which plays a critical role in speech comprehension,

working memory and verbal f luency (Gourovitch et al., 1995;

Smith et al., 1995). Studies in which volumetric and functional

asymmetries are correlated in normal subjects who undergo

functional MRI and PET studies are necessary to clarify the

relationship between structural and functional asymmetries.

In summary, the results of this study provide evidence of

regional differences in aging of the human cerebral cortex.

Determining the biological mechanisms from which this pattern

emerges, and elucidating its relevance to cognitive aging is the

challenge for future research.
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