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In this study, volumes of the whole brain, hemispheres, and frontal lobes of young and elderly adults
were quantified by an automated method. Effects of age, sex, and side on absolute and relative
volumes of the brain structures were evaluated. Compared with the young group, elderly par-
ticipants showed a 15% volume loss in the whole brain and hemispheres, and a 22% volume loss in
the frontal lobes. The relative volume of the left hemisphere in the elderly group decreased more than
that of the right hemisphere. Elderly men showed significantly greater left hemisphere and left
frontal lobe volume losses than did elderly women, indicating that the larger left hemisphere relative
volume reduction is largely contributed to by selective atrophy of the left frontal lobe volume in
elderly men. These results may reflect age- and sex-related functional deterioration in the left brain.

OBTAINING quantitative data on the aging human
brain is important in understanding human brain

function, improving clinical diagnosis, and distinguishing
between normal aging and dementia. Therefore, the study of
age-related brain-volume changes is an area of increasing
interest. Previous studies (1–15) have reported the following
findings: a) there is a global volume loss with age; and b)
cortical volumes decrease linearly with age as cerebrospinal
fluid (CSF) volumes increase. Yet, very little is known
about interactions between sex (male vs female) and side
(left brain vs right brain) effects on regional age-related
brain-volume losses.

Recent functional neuroimaging studies have found that
brain-activation patterns change asymmetrically in elderly
participants (see Discussion for more information). However,
only few studies (3–5,13,16) have addressed asymmetrical
brain structural changes in elderly people, and no studies
have reported age–sex–side interactions on hemisphere or
frontal lobe volume changes. Besides the unsolved regional
sex–side issue in brain tissue loss in aging, a number of other
important issues need to be addressed. First, Coffey and
colleagues (3) described that effects of aging on regional
brain volumes are more apparent in men than in women.
However, Good and colleagues (7) reported no such regional
or sex effects. Both studies (3,7) were based on a large
sample size, 460 and 465 people, respectively. The possible
reasons for this inconsistency may have arisen from
variations in human races and body sizes of the participants
in the two samples. Other factors such as rater bias when
segmentation was manually performed might also have
played a role in this inconsistency. Second, it has been shown
that age-related volume changes in temporal, parietal, and
frontal lobes depend on side (left–right) (5). However, other
studies have reported no such side effect (3,4,13,16).

In this study, we carefully matched the participants, young
and elderly healthy adults, from the same race with similar

height and weight. The automated methods used for the
analysis have high reproducibility and accuracy for volume
measurement of the whole brain and brain structures (17,18).
The purposes of this study were to examine age-related
volume changes in the whole brain, hemispheres, and frontal
lobes and to determine whether the changes were dependent
on sex, side, or both. Our study also adds information to the
repository for determination of normative values.

METHOD

Participants
Twenty-six healthy white male and female participants

participated in the study. Average age of the men (n¼5) and
women (n ¼ 8) in the young group was 28.2 6 2.3 and
26.9 6 6.0 years, respectively. Average age of the men (n¼
5) and women (n¼8) in the elderly group was 70.4 6 1.5 and
69.4 6 2.1 years, respectively. All the elderly participants
were healthy without known neurological or psychological
disorders at the time of the study. Thus, they were considered
cognitively intact in their age group. Additional participant
information is provided in Table 1. There were no significant
height or weight differences between young and elderly men,
or young and elderly women. The experimental procedures
were approved by the Institutional Review Board at the
Cleveland Clinic Foundation. All participants gave informed
consent prior to their participation.

Magnetic Resonance Imaging Data
All the images of the participants were collected by a

Siemens Vision 1.5 Tesla MR scanner (Siemens Medical
Systems, Iselin, NJ) using a Turbo FLASH (Fast Low Angled
Shot) pulse sequence, which is a premagnetization
T1-weighted three-dimensional imaging sequence. The
imaging parameters were as follows: repetition time ¼
11.4 ms, echo time ¼ 4.4 ms, flip angle ¼ 108, field of
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view¼ 256 mm 3 256 mm, number of slices (contiguous)¼
128, slice thickness¼2 mm, and in-plane resolution¼1 mm
3 1 mm. Images were collected in the coronal direction.
The scanning time for collecting the entire three-dimensional
image set using the Turbo FLASH sequence was about
5 minutes.

Image Processing
All the images were processed using the totally automated

methods recently developed by our group (17,18). Briefly,
a histogram-based brain segmentation (HBRS) method was
used to separate brain images from head images and to render
the whole-brain volume. The HBRS algorithm, to the best of
our knowledge, is among the most accurate automated brain
segmentation methods. The algorithm consists of three steps:
excluding background noise voxels; disconnecting the brain
images from the skull images; and removing the residual
fragments of CSF, dura, and fat from the images. Details of
the HBRS method are described elsewhere (17).

After the brain images were separated from the head
images, we used an automated brain structure identification
algorithm to label the left and right hemispheres and frontal
lobes. Because the identification algorithm does not need
human intervention, potential errors such as rater bias are
avoided. Furthermore, this algorithm does not resort to image
registration or warping procedures; instead, the landmarks of
a number of brain structures (longitudinal fissure, central and
lateral sulci) were first extracted from the images. Then the
sulci were identified automatically by an artificial intelli-
gence algorithm. On the basis of the identified landmarks, the
method defined the left and right hemispheres and frontal
lobes according to the widely accepted protocols used in
other studies (19–22). Left and right hemisphere division was
based on the medial surface of the longitudinal fissure, which
was extended perpendicularly through tissues in which the
actual fissure was not present. On the surface, the lateral,
anterior, and superior boundaries of the frontal lobes were
defined by its natural limits. The posterior boundary of the
frontal lobe was the central sulcus and the inferior boundary
was the lateral sulcus. On the medial wall (to which the sulci
do not extend), an imaginary vertical line, beginning from the
point where the central sulcus intersects with the midsagittal
plane to the lateral sulcus, was defined as the posterior
boundary. An imaginary plane starting from the lateral sulcus
and extending to intersect with the midsagittal plane was
defined as the inferior boundary. The longitudinal fissure

defined the boundary of the left and right frontal lobes.
Details of delineation of the left and right hemispheres and
frontal lobes are described elsewhere (18).

The volumes of the whole brain, hemispheres, and frontal
lobes were determined by voxel counting and by multiply-
ing the number of voxels in each region by unit volume of
the voxel.

Accuracy of Methods Used for Volume Measurements
A major concern of brain-volume measurements is the

accuracy of the methods. HBRS, the automated method we
developed to estimate human whole-brain volume, is one of
the most accurate methods for this purpose. The accuracy rate
of the HBRS method, evaluated by simulated brain images
obtained from McGill University in Canada (http://www.bic.
mni.mcgill.ca/brainweb), was 98.6%. The accuracy of the
HBRS method was also evaluated by manual segmentation
provided by the Center for Morphometric Analysis (CMA) at
Massachusetts General Hospital and Harvard University
(http://www.cma.mgh.harvard.edu/ibsr/). The average simi-
larity index (Kappa index) of images between the HBRS
method rendered and manually traced was 0.963. The tested
reproducibility of the HBRS method was 99.5% (17).

The accuracy of the automated methods that we de-
veloped to segment the hemispheres and frontal lobes and
measure their volumes has recently been evaluated by
comparing the automated results with manual segmentation
performed by an experienced investigator. The similarity
indices of images of the hemispheres and frontal lobes
between the automated and manual segmentations were
0.979 and 0.948, respectively (18).

Statistical Analysis
Age-related volume changes in the whole brain were

evaluated in absolute values. Those in the hemispheres and
the frontal lobes were evaluated in both absolute and relative
values. Relative volumes of the hemispheres were calculated
as a percentage of each hemisphere’s volume in relation to the
whole-brain volume. Similarly, relative volumes of the
frontal lobes were determined as a percentage of each frontal
lobe volume to the volume of the two frontal lobes combined.
Data on whole-brain volume were evaluated by a two-way
analysis of variance (ANOVA); the two factors were age
(young vs old) and sex (female vs male). Absolute and
relative volume data of the hemispheres and frontal lobes
were analyzed by separate three-way ANOVA (absolute and
relative volume data were analyzed separately); the three
factors were age (young vs old), sex (female vs male), and
side of brain (left vs right). The coefficient of variation (CV)
for the volume of the whole brain, left or right hemisphere, or
left or right frontal lobes in the young or elderly group was
calculated as the standard deviation of the volume divided
by the mean volume. For all the analyses, the level of
significance was determined as p � .05.

RESULTS

Whole-Brain Volume
The two-way ANOVA showed that there was no sig-

nificant age–sex effect on whole-brain volume, which means

Table 1. Height and Weight of Old and Young Participants

Participants Age (y) Height (cm) Weight (kg)

Men (n ¼ 5)

Young 28.2 6 2.3 182.6 6 6.7 80.83 6 2.54

Old 70.4 6 1.5 178.2 6 6.8 87.54 6 4.72

Women (n ¼ 8)

Young 26.9 6 6.0 166.0 6 2.3 74.98 6 3.40

Old 69.4 6 2.1 166.0 6 2.7 75.66 6 9.07

Note: Values represent means 6 standard deviation. There were no sig-

nificant differences of height and weight between young and old men, or young

and old women. There was no significant difference of age between young men

and women, or old men and women.
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that age-related whole-brain volume changes were not sex
dependent. There was, on average, a 16% volume loss (p ,
.001) from young to old participants (Figure 1). For elderly
men, volume loss was 14% (p , .005), and for elderly
women 17% (p , .001). Figure 2 shows two brain images,
one from a young male and the other from an elderly male;
these images demonstrate substantial brain atrophy in the
elderly participant compared with the young one. Male
participants showed greater brain volume compared with
female participants (p , .001), regardless of whether the
data from young and old participants were analyzed together
or separately. Exact whole-brain volume values for all
participants are listed in Table 2.

Hemisphere Volume

Absolute volume.—No significant (p . .1) age–sex, age–
side, sex–side, or age–sex–side interactions on absolute
hemispheric volume measurements were found (Table 3).
Figure 3 shows changes of absolute volume in the left and
right hemispheres from young to old male and female
participants. When we combined the data from male and
female participants, elderly participants had 18% volume
loss in the left hemisphere (p , .001) and 13% volume loss
in the right (p , .001). Compared with those in the young
men, the volumes of the left and right hemispheres in the
elderly men declined 16% (p , .001) and 11% (p , .001),
respectively. Compared with those in the young women, the
volumes of the left and right hemispheres in the elderly
women decreased 18% (p , .001) and 16% (p , .001),
respectively. In addition, male participants showed greater
left or right hemisphere volume compared with the female
participants (p , .001), regardless of whether the data from
young and elderly participants were analyzed together or
separately. Left hemisphere volume was similar to right
hemisphere volume in young and old participants, regard-
less of whether male or female participants’ data were
analyzed together or separately. Detailed hemisphere
volume values are provided in Table 2.

Relative volume.—For the relative hemispheric volume
measurements, significant interactions of age–side (p ,
.001) (Figure 4a), sex–side (p , .02) (Figure 4b), and age–
sex–side (p , .01) (Figure 5) were detected (Table 3). These
interactions indicate that age-related relative hemispheric
volume changes depended both on side (left and right
hemispheres had asymmetrical changes) and sex (male and
female groups had asymmetrical volume changes). Figure
5 shows the relative volume values of left and right
hemispheres. It is quite clear from each plot that the left
hemisphere volume reduction in elderly men was greater
than that in elderly women.

Frontal Lobe Volume

Absolute volume.—No significant (p . .1) age–sex, age–
side, sex–side, or age–sex–side interactions on absolute
frontal lobe volume measurements were observed (Table 3).
Figure 6 shows changes of absolute volume in the left and
right frontal lobes from young to old male and female
participants. When we combined the data from male and
female participants, elderly participants had a 24% volume
loss in the left frontal lobe (p , .001) and a 25% volume
loss in the right frontal lobe (p , .001). Compared with
those in the young men, the volumes of the left and right
frontal lobes in the elderly men declined 26% (p , .001)
and 21% (p , .001), respectively. Compared with those in
the young women, the volumes of the left and right frontal
lobes in the elderly female participants decreased 22% (p ,
.001) and 28% (p , .001), respectively. In addition, male
participants showed greater left or right frontal lobe volume
compared with the female participants (p , .002), regard-
less of whether the data from young and old participants were
analyzed together or separately. Left frontal lobe volume
was similar to right frontal lobe volume in young and old
participants, regardless of whether male and female partici-
pants’ data were analyzed together or separately. Detailed
frontal lobe volume values are provided in Table 2.

Relative volume.—For the relative frontal lobe volume
measurements, significant interactions of sex–side (p ,
.001) (Figure 7a) and age–sex–side (p¼ .01) (Figure 8) were
observed (Table 3). The sex–side interaction indicates that,
in the male and female participants, the relative volumes of
the left and right frontal lobes were asymmetrically distrib-
uted. In men, the left frontal lobe relative volume was smaller
than the right frontal lobe volume; in women, this asymmetry
is reversed. The age–sex–side interaction suggested that age-
related relative frontal lobe volume changes depend both on
side (asymmetry changes in left and right frontal lobes) and
sex (male and female participants had asymmetrical changes).
The age–side interaction was not significant. However, if the
two outlying data points representing two young women
were removed (see Figure 8a), the age–side interaction
became significant (p ¼ .01, Figure 7b), indicating that, in
young and old participants, the relative volume of the left
and right frontal lobes are asymmetrically distributed; in
elderly participants, the left frontal lobe volume was smaller
than that of the right frontal lobe, but in young participants,
the opposite was true.

Figure 1. Scatterplots of absolute whole-brain volumes as a function of age in

26 healthy human participants. The best-fitting linear regression curves for

women and men are superimposed.
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We also measured relative frontal lobe volumes based on
the whole-brain volume. Figure 8c and d illustrates that,
similar to Figure 8a and b, in which the relative volume of
the individual frontal lobe was calculated as a percentage of
the total volume of the two frontal lobes, the left frontal lobe
volume loss in elderly men was greater than that in elderly
women. In addition, we found that, on average, the left or
right frontal lobe volume was about 16% of the whole-brain
volume for the young participants and 15% of the whole-
brain volume for the elderly participants.

CV of Brain Volume
Figure 9 shows the CV of volumes of the whole brain, left

and right hemispheres, and left and right frontal lobes. The
CV values of the whole-brain volume in young and old
participants were 7% and 2% (average over the male and
female participants), respectively. The CV values of the

hemisphere volumes in young and old participants were 7%
and 3% (average over the male and female participants),
respectively. The CV values of frontal lobes in the young
and old participants were 13% and 6% (average over the
male and female participants), respectively. On average, the
CV values of the elderly participants were less than 50% of
those of the young persons.

DISCUSSION

In this study, we found, for the first time, that elderly men
had more severe left hemisphere and frontal lobe volume
losses than did elderly women; this finding may have
physiological relevance for the assessment and treatment of
neurological disorders. In addition, we observed significant
decreases in volumes of the whole brain, hemispheres, and
frontal lobes with age. The age-related volume decline was
more severe in the frontal lobes than in the hemispheres or

Table 2. Average Volumes of Whole-Brain and Sub-Brain Structures

Participant Whole Brain

Absolute Volume (ml)

Left Hemisphere Right Hemisphere Left FL Right FL

Young

Male 1391.4 6 87.4 700.6 6 47.1 690.6 6 41.5 219.2 6 28.7 226.4 6 23.1

Female 1283.3 6 87.6 645.8 6 49.7 637.5 6 38.6 200.9 6 22.3 205.4 6 29.2

Old

Male 1213.2 6 20.9 593.2 6 13.0 620.0 6 11.5 169.6 6 7.9 183.4 6 7.0

Female 1079.1 6 35.1 536.3 6 17.1 542.9 6 19.4 161.8 6 9.5 156.6 6 12.0

Relative Volume (% Whole Brain) Relative Volume (% FL)

Left Hemisphere Right Hemisphere Left FL Right FL

Young

Male 50.34 6 0.55 49.64 6 0.55 49.13 6 1.00 50.87 6 1.00

Female 50.30 6 0.60 49.70 6 0.60 49.55 6 3.02 50.45 6 3.02

Old

Male 48.89 6 0.54 51.11 6 0.54 48.04 6 0.40 51.96 6 0.40

Female 49.70 6 0.47 50.30 6 0.47 50.83 6 0.76 49.17 6 0.76

Notes: Values represent means 6 standard deviation.

FL¼ frontal lobe.

Figure 2. Comparison of brain images from a young and an elderly participant. Brain images were taken in the coronal plane. An image slice of a young man’s brain

(a) and an image of an elderly man’s brain (b), both acquired near the midline position. Brain atrophy is apparent in the elderly participant.
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the whole brain. These findings are consistent with those of
other studies (2,4,13).

Whole-Brain Volume
The average whole-brain volume was 1391 ml for young

men, 1283 ml for young women, 1213 ml for elderly men,
and 1079 ml for elderly women. These results are consistent
with those in textbook reports (20,23), postmortem analysis
(24), and in vivo magnetic resonance imaging measure-
ments (7). However, the volume measurements are greater
than those reported by Allen and colleagues (1), 1274 ml for
young men and 1113 ml for young women. The discrepancy
may come from a difference in the definition of the brain in
the methods of the two studies. In our study, we included in
the volume measurement part of the brain stem superior to
the bottom of the cerebellum; the reason for this was
discussed elsewhere (17). This portion of the brain stem was
not included in the other study (1).

Men have a greater whole-brain volume than do age-
matched women (4,7,13). Our study reports the same
observation (Figure 1). However, the two-way ANOVA did
not show an age–sex interaction on the volume change. This
finding was similar to that of Good and colleagues (7),
which suggests that the rate of whole-brain volume loss in
men and women is similar as they grow old. A number of
studies, however, have reported sex effects on age-related
brain atrophy (5,15,16,25–27). Typically, these studies have
shown that whole-brain volume loss was greater in old men
than in old women. We think this inconsistency is probably
introduced by methodological factors, especially rater bias if
manual or semiautomated methods were used for the
measurements.

Absolute Volumes of Hemispheres and Frontal Lobes
No side–sex, age–side, or age–sex–side interactions were

observed for the absolute volumes of the two hemispheres
and frontal lobes. In general, men showed greater absolute
volumes of the hemispheres (Figure 3) and frontal lobes
(Figure 6) than did women, although this sex effect was less
apparent in the frontal lobes than in the hemispheres.
Figures 3 and 4 indicate that, as people grow old, their
absolute hemisphere and frontal lobe volumes decline.
These absolute volume reductions are independent of sex
(male vs female) and side (left vs right) influences.

Relative Volumes of Hemispheres and Frontal Lobes
To evaluate the left and right asymmetry of the hemi-

spheres and frontal lobes, we divided the relative unilateral
hemisphere and frontal lobe volumes by the total brain and
total frontal lobe volumes, respectively. The left and right
hemisphere and frontal lobe volumes were not normalized to
the intracranial volume, because we thought that the large
intracranial volume might obscure the small asymmetry
found between the volumes of the left and right hemispheres
or frontal lobes.

Relative volumes of the hemispheres.—The relative
volume of each hemisphere was measured as a percentage
of the whole-brain volume. This normalization allowed us to
detect possible age- or sex-related asymmetrical atrophy
between the two hemispheres. Significant sex–side, age–
side, and age–sex–side interaction on age-related relative

Table 3. Three-Way ANOVA of Sub-Brain Structure Volumes

Factor

p Values

Hemispheres

(Absolute

Volume)

Frontal Lobes

(Absolute

Volume)

Hemispheres

(Relative

Volume)

Frontal Lobes

(Relative

Volume)

Age 1.71e-13*** 1.87e-10*** 0.99 1.00

Sex 1.07e-07*** 1.90e-03** 0.98 1.00

Side 0.77 0.48 0.06 0.06

Age 3 sex 0.50 0.83 0.98 1.00

Age 3 side 0.21 0.76 1.72e-07*** 0.56 (0.01**)y

Sex 3 side 0.63 0.33 0.02* 1.01e-14***

Age 3 sex 3 side 0.57 0.47 8.05e-03** 0.01**

Notes: *p � .05; **p � .01; ***p � .001.
yAfter removing the two extreme data points in Figure 7.

3¼ interaction; ANOVA ¼ analysis of variance.

Figure 3. Scatterplots of absolute left (a) and right (b) hemisphere volumes as

a function of age in 26 healthy participants. The best-fitting linear regression

curves for women and men are superimposed.
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hemisphere changes were observed (Table 3). The signif-
icant age–side interaction indicated that the relative volume
of the left hemisphere was smaller than that of the right
hemisphere in elderly participants, whereas the reverse is
true for relative volumes in the young (Figure 4a). The
significant sex–side interaction in this study showed that the
left hemisphere relative volume in the men was smaller than
that in the women (Figure 4b). Furthermore, elderly men
showed a significantly smaller left hemisphere relative vol-
ume than did elderly women (significant age–sex–side
interaction). Although a number of previous studies (3–
5,13,16) have reported left-right asymmetry on age-related
volume changes in some brain regions, ours is the first
report to show age-related left–right asymmetrical relative
volume changes at the hemispheric level and left–right
asymmetrical atrophy in elderly men.

It is well known that the left hemisphere of human brain
is especially important for functions such as language and

memory (23). These functions deteriorate as people grow
old (28,29). The result of selective atrophying of the left
hemisphere in old age supports the notion that deteriora-
tion of cognitive function in elderly people is associated
with asymmetrical volume losses in the left hemispheres.
The significant age–sex–side interaction on relative vol-
umes of the hemispheres indicates that the effect of left–
right asymmetry of age on the hemispheres was more
pronounced in male than in female participants. This result
suggests that the functional deterioration described above
may be more pronounced in elderly men than in elderly
women. Alternatively, preferential enlargement of CSF
space in the left hemisphere in elderly men may have
contributed to these greater relative hemispheric volume
losses. Gur and colleagues (25) found that, in men, the
relative CSF volume in the left hemisphere increased more
than that in the right hemisphere with age. Coffey and
colleagues (3,4) found that the lateral fissure CSF volume
was significantly greater in men than in women. Greater
volume losses in the left parietal, occipital, temporal, and

Figure 4. Illustrations of age–side (a) and sex–side (b) interactions in relative

hemispheric volumes. Average relative hemisphere volumes of young

participants and those of elderly participants are plotted against hemispheres

(a). In (b), average relative hemisphere volumes of men and those of women are

plotted against hemispheres.

Figure 5. Scatterplots of relative left (a) and right (b) hemispheric volumes as

a function of age in 26 normal participants. The best-fitting linear regression

curves for women and men are superimposed. The two plots illustrate significant

age–sex–side interaction in relative hemisphere volumes.
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frontal lobes may also contribute to the greater volume loss
in the left hemisphere. The selective atrophy of the left
hemisphere in old men may also be partly explained by
differences in cerebral blood flow between young and
elderly men. Recent positron emission tomography (PET)
studies have shown that blood flow and metabolic rate tend
to be greater in the right hemisphere than in the left after
age 60; these observations were not detected in younger
men (16,30).

Relative volumes of the frontal lobes.—Normalizing the
volume of each frontal lobe to the total size of the two
frontal lobes allowed us to determine whether the frontal
lobes were asymmetrically affected. The significant sex–
side interaction (Table 3) indicates that, in men, the size of
the two frontal lobes was not equal; relative volume of the
left frontal lobe was smaller than that of the right frontal

lobe. The age–side interaction was first found insignifi-
cant. However, upon examining Figure 8a and b, the trend
of age–side interaction is clear. It appears that two extreme
values in the young women might have substantially
increased the variation of the data and prevented them from
reaching statistical significance. After removal of these
two data points, the age–side interaction became signifi-
cant. Nevertheless, even without removing any data points
from the analysis, the trend of smaller relative left frontal
lobe volume and larger relative right frontal lobe volume in
the elderly participants is relatively clear. Current knowl-
edge regarding human frontal lobe function suggests that
major left–right asymmetry of brain function occurs in the
frontal lobe, with 90% of language, memory function, and
skilled movement control centers being located in the left
frontal lobe (23). These functions deteriorate with age, and
it is expected that the left frontal lobe would show a more

Figure 6. Scatterplot of absolute left (a) and right (b) frontal lobe volumes as

a function of age in 26 normal participants. The best-fitting linear regression

curves for women and men are superimposed.

Figure 7. Illustrations of age–side and sex–side interactions in relative frontal

lobe volume (% frontal lobe). a: Age–side interaction. Two extreme values from

two young women (see Figure 8) have been removed. b: Sex–side interaction.

Men show substantially smaller relative left frontal lobe volume than right

frontal lobe volume.
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significant volume reduction than the right frontal lobe. The
decreased blood flow in the left frontal regions in old men
may contribute to volume losses in the left frontal lobe
(31).

The significant age–sex–side interaction indicated that
elderly men had a smaller relative left frontal lobe volume
than did elderly women. This preferential relative volume
loss in elderly men may largely explain the greater relative
volume loss of the left hemisphere found in this group.
The consistent new findings of greater asymmetrical volume
losses in both the left hemisphere and left frontal lobe in
elderly men may provide critical information to address age-
and sex-related left frontal lobe and hemisphere functional
deterioration and the relationship between structural and
functional adaptations in elderly men and women. The
findings may also be linked to the effort of sorting out the
mysteries of why the health of elderly men deteriorates
faster than that of elderly women and why men have a
shorter life span than do women (32).

Functional Relevance of Asymmetrical
Brain-Volume Losses

Neuropsychological studies (33–36) have consistently
found that cognitive performance declines with normal
aging; this age-related cognitive deficit is particularly
evident in working memory and explicit memory. Recently,
investigators using functional neuroimging provided some
clues to the observed cognitive deficits. During working
memory tasks, young individuals showed activation in the
lateral and medial prefrontal, and posterior parietal cortices;
and the activation was asymmetrically dependent on the
performing task. Verbal tasks were associated with pre-
dominantly left-hemisphere activities, whereas spatial tasks
mainly activated the right hemisphere (36–38). However,
this lateralization in the frontal regions was less prominent,
and bilateral activities were seen during both spatial and
verbal working memory tasks in elderly participants (38,39).
Similar age-related changes were also observed during ex-
plicit memory tasks. Young participants generally had acti-

Figure 8. Scatterplots of relative left (a and c) and right (b and d) frontal lobe volumes as a function of age in 26 normal participants. The best-fitting linear

regression curves for women and men are superimposed. a: Relative left frontal lobe volume (% frontal lobe). b: Relative right frontal lobe volume (% frontal lobe). c:

Relative left frontal lobe volume (% whole brain). d: Relative right frontal lobe (% whole brain). Plots (a) and (b) illustrate significant age–sex–side interaction of

relative frontal lobe volumes (% frontal lobe).
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vation in the frontal, bilateral medial temporal, and fusiform
cortices (40,41), whereas elderly participants either failed to
activate the left cortical fields (42) or exhibited a reduced
activity level during the performance of these tasks (43,44).
Unfortunately, these studies did not differentiate functional
changes between old men and women, making it difficult to
determine whether old men performed differently than old
women. Nevertheless, these results and ours are likely to
suggest that asymmetrical functional changes, especially in
the left hemisphere in elderly participants, are associated
with asymmetrical structural adaptations in the left brain.

CV of the Brain Volumes
The CV has been deemed to be inversely related to

ontogenetic constraints (32). A previous study reported that,
in young adults, the CV value for whole brain was about 8%
and that for individual lobes was 14% (45). Comparisons
of the CV values for whole brain versus lobes suggest that
there are more powerful ontogenetic constraints on the whole-
brain volume than on the segmented lobes. We found that
the CV of elderly adult volume measurements, regardless
of whether they are values for whole brain, hemispheres,
or frontal lobes, was substantially smaller than that of young
people, suggesting that the volumes of the brain structures
in elderly individuals tend to evolve to similar sizes. Fur-
thermore, our results support the theory that the brain is
a plastic organ that is adaptable both functionally and
structurally.

Limitations
In this preliminary study, we found significantly greater

left hemisphere and frontal lobe atrophy in elderly men than
in elderly women. To the best of our knowledge, this finding
has never been reported before. However, interpretation of
these results must include consideration of the inherent
limitations of our study. First, the absolute sample size in
this study is relatively small despite the fact that the data are

relatively consistent and statistical significance has been
reached with the given sample size. A large sample size
study may be needed to confirm our results. Reports from
this research may stimulate the interest of other investigators
to launch such larger scale studies. Second, in this study we
have investigated regional brain volume, and selective
atrophy of the left frontal lobe in elderly men has been
found. However, the study did not differentiate the tissue
type of the volume losses—whether it was the white matter,
gray matter, or both. Our laboratory is developing new
algorithms to address this question.

Conclusion
Using recently developed automated brain segmentation

methods, this study measured volumes of the whole brain,
left and right hemispheres, and frontal lobes in young and
elderly adults. Brain volumes decrease with age; the volume
loss was more pronounced in the frontal lobes. More impor-
tantly, the study shows that the volumes of the left hemi-
sphere and frontal lobe preferentially undergo atrophy in
elderly men. The selective volume losses in the left hemi-
sphere and frontal lobe in elderly individuals in general and
in elderly men in particular may reflect functional deteri-
oration and adaptation in these brain regions. The CV of the
whole brain, hemisphere, and frontal lobe volumes was
consistently smaller in elderly than in young individuals.
This finding suggests that ontogenetic constraints in people
of advanced age are more pronounced than those in young
individuals, resulting in more homogeneous brain sizes in
elderly adults. The findings also show that, from a volumet-
ric viewpoint, the brain is a dynamic organ.
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