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Lack of Age-Related Differences in Temporal Lobe Volume of Very

Healthy Adults

C. DeCarli, D. G. M. Murphy, J. A. Gillette, J. V. Haxby, D. Teichberg, M. B. Schapiro, and B. Horwitz

PURPOSE: To evaluate age-related differences in temporal and supratemporal brain regions in
carefully selected, very healthy men 19 to 92 years of age. METHODS: MR quantification of brain
regions used image segmentation into cerebrospinal fluid and brain matter based on nonlinear
modeling of pixel intensity distributions. RESULTS: There was a significant age-related decrease
(approximately 1% per decade) of posterior frontal lobe volume, but not of temporal lobe volume.
The mean volume of the right temporal lobe was significantly greater than the left, and this
relation did not change with age. CONCLUSION: In very healthy aging, the volume of the temporal
lobes remains constant over the age range of human life.

Index terms: Brain, magnetic resonance; Brain, measurements; Brain, temporal lobe; Brain,

volume; Age and aging
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Neuroanatomic and brain imaging studies of
apparently healthy individuals conclusively show
decreases in the amount of cerebral tissue and
associated increases in cerebrospinal fluid (CSF)
spaces with advancing age. Postmortem studies
show age-related decreases in brain weight and
in the absolute amount of cerebral gray and white
matter (1-4). Neuron numbers also are decreased
to a variable degree in different brain regions (5).
Age-related increases in central CSF space size
have been described and are proportionally larger
per decade of life than loss of cerebral tissue or
neurons (4). There has been, however, limited
and inconclusive work using postmortem mate-
rial to study age-related differences in temporal
lobe volume (4).

In vivo studies using quantitative computed
tomography and quantitative magnetic reso-
nance (MR) have substantiated the finding of
generalized age-related decreases in brain matter
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and have focused on regional differences in brain
volumes. Quantitative computed tomographic
studies have conclusively shown age-related in-
creases in the size of central CSF spaces, with
reductions in the volumes of caudate nuclei and
the thalami (6-7). An age-related decline in the
percent of cerebral gray matter without age-
related differences in percent white matter also
has been described (6). MR has further shown
age-related decreases in total brain and regional
gray matter volumes (8-12). Despite ongoing
interest in measuring temporal lobe disease from
MR in patients with Alzheimer disease, studies of
age-related differences in temporal lobe volume
for healthy subjects have been limited. Two stud-
ies of subjects over a large age range have shown
age-related declines in temporal lobe volume (13,
14), but both studies included subjects of both
sexes and subjects with “risk factors” for cerebral
vascular disease (13, 14) (Petersen, RC, written
communication, March 1993). Another study has
shown no age-related change in temporal lobe
volume, but this subject population was young
and had a limited age range (15).

To study age-related differences in regional
brain volumes in a group of very healthy subjects
of a single gender, we quantified the MRs of 30
men free of medical illness 19 to 92 years of age.
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Fig. 1. Temporal lobe boundaries. Tem-
poral lobe boundaries were defined as A, the
most anterior MR image on which middle
cranial fossa could be seen, to B, the poste-
rior MR image on which the aqueduct of
Sylvius could be seen.

Methods
Subjects

MRs were analyzed for 10 young adult men with a mean
age = SD of 25 * 4 years, 9 middle-aged men aged 59 *+
4 years, and 11 older men aged 75 * 8 years. All subjects
were recruited for a longitudinal study on healthy aging
(National Institutes of Health protocol 80-AG-26), under-
went rigorous medical, neurologic, and laboratory screen-
ing (16), and had no evidence of cardiovascular, cerebro-
vascular, or neurologic disorder, history of drug or alcohol
abuse, major psychiatric disorder, or head trauma resulting
in unconsciousness. Twenty-nine of 30 subjects were right
handed.

The demographics of this sample reflect a highly select
group of well-educated and intelligent men. All subjects
received at least high school educations, but many com-
pleted advanced degrees (mean * SD years of education
17.1 = 2.2 years, range 13 to 20 years). All subjects were
of at least normal intelligence, and many were in the
superior range (mean * SD Wechsler full scale intelligence
scores 128.5 + 9.3, range 110 to 145) (17).

To exclude incipient dementia in the older subjects,
longitudinal neuropsychologic test scores were reviewed

for subjects having more than one assessment. Fifteen of
the 20 men over the age of 45 years had at least two
cognitive assessments. Mean Weschsler full scale intelligent
quotients and Wechsler memory scores (18) increased
approximately one-half point a year, over an average of
4.8 years between testing. These values did not differ
significantly from zero, militating against the presence of
an incipient dementia.

MR Protocol

MR was performed on a 0.5-T machine using a T1-
weighted image, 500/12/4 (repetition time/echo time/
excitations). Images were acquired with a section thickness
of 6 mm and no gap. The imaging matrix was 256 X 256,
and the field of view was 25 cm. Voxel size for this sequence
was 6 mm’. Coronal images were obtained perpendicular
to an estimated orbital meatal line, beginning anterior to
the temporal pole and extending past the posterior aspect
of the diencephalon (Fig 1).

To control for image quality and consistency, the MR
machine was tested each morning using a standardized
phantom.
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Fig. 2. Traced regions of interest for temporal lobe volumes.
The traced intracranial boundaries can be seen on the upper half
of the image for the temporal lobe and hemisphere regions of
interest. The traced line indicates the medial temporal lobe bound-
ary (see text for more detail). A brain segmentation image created
from modeling of the image is seen below.

Image Analysis

Complete details of the image analysis system have
been previously described (19). In summary, quantification
of each MR image was performed by segmentation into
brain matter and CSF pixels using a nonlinear model which
accurately described underlying CSF and brain matter pixel
distributions and determined an optimum separation
threshold. To exclude nonbrain data from the image, the
operator first traced along the dura of the cranium for each
section (Fig 1). A pixel intensity histogram was then gen-
erated from these data, and an optimal separation threshold
was determined. After determining the optimal separation
threshold, all pixels within the cranial section were classified
into CSF and brain matter. For this analysis, each image
was further divided into the right and left temporal lobe
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compartments and the right and left supratemporal com-
partments.

The anterior and posterior boundaries of the temporal
lobe compartment were defined as the most anterior MR
section image containing middle cranial fossa to the first
MR section image on which the aqueduct of Sylvius was
seen (Fig 1). In the more caudal portions of the temporal
lobe, just posterior to the anterior commissure, the tem-
poral and frontal lobe boundary was defined as a straight
line drawn from the angle of the medial temporal lobe
where it is attached to the temporal stem, to the midpoint
of the operculum (Fig 2). The operator then traced the
dura of the middle cranial fossa around each temporal lobe
to complete the region of interest. The dura of the supra-
temporal compartment was similarly traced, dividing the
right and left hemispheres by tracing along the falx cerebri
and bisecting the third ventricle, if this structure was
present on the image. The number of CSF and brain matter
pixels in each compartment were counted, summed across
cranial sections, and multiplied by the section thickness to
give a regional CSF and brain matter volume. The brain
matter in the supratemporal compartment corresponded
primarily to the posterior half of the frontal lobe but also
included small amounts of postcentral gyrus (20; approxi-
mately +20 mm to —35 mm in the Talairach anterior-
posterior space). As an approximate neuroanatomic loca-
tion, the brain matter within the supratemporal compart-
ment was designated the posterior frontal lobe. The total
volume of CSF and brain matter within the traced cranial
volume were designated intracranial CSF and intracranial
brain matter, respectively.

Only cerebral structures above the tentorium (this ex-
cludes brain stem and cerebellum) were analyzed (Fig 2).
Central CSF spaces, which included portions of the lateral
ventricles, the entire third ventricle, and the temporal horns
of the lateral ventricles, were outlined by hand tracing on
each image on which they were present (7). All traced
ventricular volumes were summed as an estimate of central
CSF. Because the entire extent of the lateral ventricles was
not contained in the analysis, these measures were not
analyzed individually, but were included as part of the
measure of central CSF. Age-related differences in the
volumes of the central CSF, the temporal horns of the
lateral ventricles, and the third ventricle, however, were
analyzed individually because complete information about
these volumes was available. Subarachnoid CSF volumes
were calculated by subtraction of central CSF volumes
from total CSF volumes determined by the segmentation
method.

Volumes were expressed both as absolute volumes in
cubic centimeters and as the percent of intracranial volume,
where intracranial volume was defined as the sum of each
traced cranial area from the first to the last section analyzed
multiplied by the section thickness.

All the data presented were analyzed by a single operator
(C.D.); however, we have previously published high intra-
rater and interrater reliabilities for this method (19).
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Statistical Analyses

Because regional cerebral volumes are known to be
highly correlated with head size (15), we present results
analyzed both as absolute brain volumes (cm?) and percent
of intracranial volume.

Age-related differences in brain matter and CSF volumes
were determined using least square linear regression with
age as a continuous variable for which the intercept was
forced to equal the age of the youngest subject (21).
Repeated-measures analysis of variance also was used to
compare the differential effect of age on posterior frontal
lobe and temporal lobe volumes (21). Measures of cerebral
asymmetry (left minus right) were compared using the
paired t test statistic (21). Significance was defined as P <
.05.

Results

No significant age-related differences in intra-
cranial volumes were found. Although not statis-
tically significant, the mean intracranial volume
was 5% smaller in the older subjects than the
younger subjects. Because a smaller head size
might spuriously decrease our estimations of ab-
solute brain volume, we calculated the ratios of
the four brain compartments to intracranial vol-
ume across subjects to see if the relative propor-
tions of regional brain volumes to head size were
maintained. The ratio of supratemporal and tem-
poral compartment regions of interest to intracra-
nial volume did not change with age (right and
left supratemporal compartments: mean 36%,
range 35% to 37%; right and left temporal com-
partments: mean 13%, range 12% to 13%).

As expected, the absolute volumes of total
brain, posterior frontal brain, and temporal brain
matter volumes correlated significantly with intra-
cranial volume and the traced supratemporal and
temporal compartment region of interest volumes
(mean r = .85, P < .001). Because we were
interested in age-related differences in brain and
CSF irrespective of head size, we corrected for
the effect of head size on regional brain volumes
by dividing each regional MR measure by the
intracranial volume. After dividing by intracranial
volume, correlations between the traced supra-
temporal or temporal compartment regions of
interest and brain matter or CSF volumes were
no longer significant (mean r = .16, P > .05).

Graphic display of age-related differences for
CSF and brain matter volumes can be seen in Fig
3. A significant age-related decline in frontal lobe
but not temporal lobe brain volumes was found.

Tables 1 and 2 summarize age-related differ-
ences in absolute volumes (cm®) and volumes
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AGE RELATED DIFFERENCES IN FRONTAL
VERSUS TEMPORAL LOBE VOLUMES
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Fig. 3. Age-related changes in MR measures. Graphs are dis-
played as percent of individual intracranial volume. Post front
denotes posterior frontal brain matter; temp lobe, temporal lobe;
sub arch, subarachnoid; LV, lateral ventricle; R, right; and L, left.

expressed as percent of intracranial volume for
brain matter and CSF. The slopes of the regres-
sions (*+ standard error) are presented as differ-
ences per decade of life between 19 and 92 years.
We also show the intercept volumes (+ standard
error) to allow for comparison with the literature
and of relative volumes among the regions.
Significant age-related increases in all ventric-
ular measures were found. Frontal subarachnoid
CSF measures showed age-related increases, but
less definite age-related increases in temporal
subarachnoid CSF were found. Of the brain mat-
ter measures, only posterior frontal brain volumes
showed age-related decreases. Significant age-
related differences in posterior frontal brain vol-
umes but not temporal brain volumes were found
whether these volumes were tested as absolute
volumes or as a proportion of intracranial volume.
Although age-related differences in brain vol-
ume were significant for the frontal lobes but not
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TABLE 1: Age-related differences in brain matter volumes
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Intercept of the

Age Difference in

Intercept of the Age Difference in Percent

Brain Region Regression Absolute Volumes Regression Intracranial Volume
(cm?)® (cm?®/decade)® (% Intracranial Volume)® (% Intracranial Volume/decade)”

Intracranial volume 658 + 23.0 =5;1% 55

Intracranial brain matter 594 + 18.9 —14.4 = 45° 905+ 1.3 =1:6 £ 03"
Right hemisphere brain matter 284 + 10.3 —5.1 £ 25¢ 432+ 0.9 —0.46 + 0.2
Left hemisphere brain matter 285 + 9.6 —6.7'% 23° 43.6 £ 0.8 —0.73 *£i0.2°
Right posterior frontal brain matter 21 % 77 —-43 + 1.9 32,106 —0.43 £ 0.2
Left posterior frontal brain matter 215+ 6.8 =57 * 1.6° 329+ 05 —0.65 = 0.1°
Right temporal brain matter 73.6 £ 3.2 —0.78 £ 0.8 11.2+04 =0.03 /0.1
Left temporal brain matter 705 &= 33 =1.0%08 10.7 =04 —0.08 = 0.1
Total temporal brain matter 144 + 6.2 =18+ 15 219+ 0.7 —0.11 £.0.2

Note.—Absolute brain volumes expressed in cubic centimeters and brain matter volumes expressed as the percent of individual intracranial volume.
The intercept of the regression is the calculated brain volume at age 19 years. Age difference denotes the slope of the linear regression between age
and brain volume expressed as changes in percent of intracranial volume per decade of life. Calculation of an estimated brain volume for any particular
age can be obtained by determining the decade (eg, 25 years = 3.5 decades), multiplying by the slope, and adding to the intercept.

® Values are intercept of the regression (estimated at age 19) * standard error.

® Values are expressed as slope *+ standard error of the slope.
cpP<.0l.

9p<.05.

¢ P<.001.

the temporal lobes, further analysis was neces-
sary to determine whether the age-related
changes in these two brain regions were signifi-
cantly different from each other. Results of re-
peated analysis of variance testing the interaction
of region (frontal versus temporal) by age was
significant (F = 12, P < .002), indicating that the
slope of the regression for age-related differences
in frontal lobe volume was significantly different
from the slope of the regression for age-related
differences in temporal lobe volume. This was
true for both absolute volumes and brain volumes
expressed as the percent of intracranial volume.

Left-right differences in cerebral and CSF vol-
umes also were calculated. The right temporal
lobe was 3.96 = 5.4 cm® larger than the left (P
< .01) but did not differ by subject age (r = .14;
P = .51). Removing the one left-handed subject
did not alter this relation. Posterior frontal brain
matter, temporal horn of the lateral ventricle, and
hemisphere subarachnoid asymmetries were not
significantly different from zero.

Discussion

In very healthy adult men between the ages of
19 and 92 years we found no significant age-
related difference in temporal lobe volume but a
significant age-related decrease in posterior fron-
tal lobe volume. These results are in contrast with
two previous quantitative MR studies which show
significant age-related differences in temporal
lobe volume (13, 14). Consistent with our results,

however, Coffey et al (14), did show a slope for
the age-related decrease in frontal lobe volume
twice that of the temporal lobe volume, also
suggesting differences in age-related decreases in
volume between the frontal and temporal lobes.

Limitations of the method must be carefully
considered, given our lack of age-related differ-
ences in temporal lobe volume. Unlike Coffey et
al (14) and Jack et al (13), we used image seg-
mentation based on a single threshold value for
each section in the image. Volume determinations
by this method are potentially more susceptible
to regional differences in pixel intensities because
of radio-frequency inhomogeneities (10). Al-
though the exact effect of radio-frequency inho-
mogeneity on segmentation of MR images into
brain matter and CSF is unknown, the artifact
induced is low in spatial frequency (10) and seems
to have little effect on volume determinations
when the segmentation is limited to distinguishing
CSF from brain matter and T1-weighted images
are used (19). Moreover, if the method showed
age-related decreases in frontal and not temporal
lobe volumes, it would suggest that the radio-
frequency artifact is somehow systematically dif-
ferent for the two brain regions. This is unlikely
and is not borne out by the segmented image
shown in Figure 2.

A second source for methodologic error could
be in the determination of our brain regions. As
we have discussed previously (19), our definition
of the temporal lobe boundaries are 6 mm caudal
to those of Jack et al (13), resulting in larger
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TABLE 2: Age-related differences in CSF volumes

Intercept of the Age Difference in Intercept of the Age Difference in Percent

Brain Region Regression Absolute Volumes Regression Intracranial Volume
(cm?)® (cm®/decade)” (% Intracranial Volume)® (% Intracranial Volume/decade)”
Intracranial CSF 64.1 = 10.1 9.3+ 24° 95+ 13 1.6 £ 0.3°
Central CSF 8.4+23 2.0 0:5¢ 1.3+0.3 0.3 +0.1°
Total subarachnoid CSF 55.7 % 9.1 7.3+22° 82 1.2 1.3 £ 0.3°
Third ventricle 0.9+ 0.2 0.22 + 0.05° 0.13 £ 0.03 0.04 £+ 0.007¢
Right temporal horn of the —0.08 + 0.13 0.11 = 0.03¢ —0.1 £ 0.03 0.03 + 0.007¢
lateral ventricle
Left temporal horn of the =0.1#0.1 0.13 = 0.03¢ —0.07 = 0.03 0.03 = 0.007¢
lateral ventricle
Right posterior frontal CSF 22035 3.4%0.9° 3.2 *0.5 0.6 £ 0.1°
Left posterior frontal CSF 21.0+ 3.6 38+ 09° 3.1+05 0.6 +0.1°
Right temporal CSF 85 % 1.6 0.67 0.4 1.3+0.2 0.1 £ 0.05°
Left temporal CSF 7.1+ 1.4 0.71 £ 0.3° 1.1 £ 0.2 0.1 £ 0.05°
Right posterior frontal 17.9:%3.0 2.4 +0.7 26+04 0.4 +0.1°
subarachnoid CSF
Left posterior frontal 16.8 = 3.0 2.0 % 0.7° 24+04 0.5+ 0.1°
subarachnoid CSF
Right temporal 85+ 1.6 0.55 + 0.4 1.4+0.2 0.08 = 0.05
subarachnoid CSF
Left temporal 7.2% 1.3 0.52+ 0.3 1.1 £0:2 0.09 + 0.05

subarachnoid CSF

Note.—Absolute CSF volumes expressed in cubic centimeters and CSF volumes expressed as the percent of individual intracranial volume. The
intercept of the regression is the calculated CSF volume at age 19 years. Age difference denotes the slope of the linear regression between age and
brain volume expressed as changes in percent of intracranial volume per decade of life. Calculation of an estimated CSF volume for any particular age
can be obtained by determining the decade (eg, 25 years = 3.5 decades), multiplying by the slope, and adding to the intercept.

? Values are intercept of regression (estimated at age 19) *+ standard error.

® Values are expressed as slope =+ standard error of the slope.
€P<.001.

4p<.01.

P <.05.

volumes. Use of these boundaries enables us to
have high interrater and intrarater reliabilities and
has proved a valid measure of temporal lobe
volume in a postmortem study (19). Moreover,
although the operator traces the region of interest
boundaries, the temporal lobe brain volumes were
calculated by counting pixels above the CSF-
brain matter threshold within the region of inter-
est, reducing the effect of interrater and intersub-
ject differences in region of interest boundaries.
However, the more caudal extension of our tem-
poral lobe definition may include portions of the
temporal lobe that are less susceptible to age-
related changes, and therefore could be another
explanation for the differences between our study
and those reported previously. Because our
method was designed specifically to measure
temporal lobe volumes, our measure of frontal
lobe volume was limited to the portion of the
frontal lobe superior to the temporal lobe. It is
possible that the posterior half of the frontal lobe
has age-related changes that are different from
the anterior aspect of the frontal lobe. We doubt
there could be significant regional differences in

age-related changes within the frontal lobe, be-
cause we found a similar relative difference be-
tween age-related decreases in frontal versus
temporal lobe volumes as Coffey et al (14), and
our age-related differences in percent brain vol-
ume coincide closely with postmortem studies
(4).

Finally, it could be that our method is insensi-
tive to small changes in cerebral size. This seems
unlikely, because our method has been shown to
be very sensitive to subtle changes in temporal
lobe volumes of patients with the earliest clinical
signs of dementia of the Alzheimer type (22) and
the minor changes in cerebral size accompanying
chronic essential hypertension (23).

Data from postmortem studies also support
the validity of our method as a measure of brain
volume. Hubbard and Anderson (4) reported that
brain matter occupied 77% of the skull in 12
control subjects with a mean age of 73.4 years,
which compares favorably to an estimation of
80% calculated from the regression in Table 1.
Also, Miller et al (2) found a decline in brain
volume of 2% per decade, which is similar to our
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finding of 1.6% per decade (Table 1). Although
Hubbard and Anderson (4) did not comment on
temporal lobe volume in relation to age, exami-
nation of their data suggests no difference in
temporal lobe volume between the ages of 68
and 95 years. Only three measures were made in
younger subjects.

Although the volume of the entire temporal
lobe did not differ significantly with age, the
volume of the temporal horn of the lateral ven-
tricle differed significantly with age. One expla-
nation would be that the volume of the hippocam-
pus is smaller in the older group, and this is
reflected in the volume of the temporal horn of
the lateral ventricle (14). Some (13, 14) but not
all MR studies (24) have found significant age-
related differences in hippocampal volume when
measured directly. Because the hippocampus and
the temporal horn of the lateral ventricle are small
in comparison with the total volume of the tem-
poral lobe, age-related changes in these structures
did not significantly impact on age-related differ-
ences in temporal lobe volume. Moreover, the
age-related differences in these CSF measures
may suggest a more focal process in our very
healthy subjects as compared with the general-
ized temporal lobe atrophy seen with Jack et al
(13) and Coffey et al (14).

We believe the excellent health of our subjects
is the most likely explanation for the difference
between our results and the results of Coffey et
al (14) and Jack et al (13). Our health-screening
criteria were very rigorous and excluded all dis-
eases known to affect temporal lobe function and
structure, such as dementia, stroke, alcohol
abuse, and epilepsy. Recent reports have shown
that the presence of hypertension is associated
with brain atrophy (23, 25), and the two previous
reports of age-related changes in temporal lobe
volume contained subjects with hypertension (13,
14) (Petersen RC, written communication, March
1993). Hypertension would not be expected to
preferentially affect temporal lobe volume, how-
ever, and we believe that the exclusion of other
diseases or cerebrovascular risk factors also con-
tributed to the difference between our results and
the results of others.

Despite differences in the magnitude of age-
related changes in temporal lobe volume, we and
Coffey et al (14) show that frontal lobe volumes
decrease approximately twice as much as tem-
poral lobe volumes with age. The differential
effect of age on temporal versus frontal brain
regions may relate to the content of white matter
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found in these two portions of the brain. Approx-
imately 45% of the frontoparietal cortex is white
matter (4), whereas only 33% of the temporal
lobe is white matter. Miller et al (2) has shown
that advancing age is associated with a dispro-
portional loss of cerebral white matter volume.
Preferential loss of cerebral white matter, because
white matter is a smaller proportion of the tem-
poral lobe volume, may account for differential
effect of age on the posterior frontal versus tem-
poral lobes.

In summary, we found that in very healthy
aging (ie, no diseases) as compared with “suc-
cessful aging” (14; ie, there may be diseases but
not dementia) there is no age-related difference
in temporal lobe volumes. We suggest that the
degree to which our results differ from Coffey et
al (14) and Jack et al (15) is the result of excluding
the untoward effects of superimposed processes
such as latent cerebrovascular disease or demen-
tia. Further quantitative MR studies of patients
with cerebrovascular risk factors without demen-
tia are needed to understand these possible latent
effects on brain structure.
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