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Differential Effects of Age and Sex on the
Cerebellar Hemispheres and the Vermis:
A Prospective MR Study

Naftali Raz, James H. Dupuis, Susan D. Briggs, Catherine McGavran, and James D. Acker

PURPOSE: The purpose of this study was to determine the effects of age and sex on the size
of the cerebellar hemispheres, the cerebellar vermis, and the pons in healthy adults.

METHODS: We estimated the volumes of the cerebellar hemispheres (excluding the vermis
and the peduncles), the cross-sectional area of the vermis, and the cross-sectional area of the
ventral pons from MR images obtained in 146 healthy volunteers, 18 to 77 years old.

RESULTS: We found a mild but significant age-related reduction in the volume of the
cerebellar hemispheres and in the total area of the cerebellar vermis; however, the analysis of
age trends in the vermian lobules revealed differential age-related declines. The areas of lobules
VI and VII and of the posterior vermian lobules (VIII-X) declined significantly with age,
whereas the anterior vermis (I-V) showed no significant age-related shrinkage. The volume of
the cerebellar hemispheres (especially the right) and the area of the anterior vermis were
greater in men, even after adjustment for height. Neither age nor sex affected the area of the
ventral pons.

CONCLUSIONS: Normal aging of the cerebellum is associated with selective regional shrink-
age. The cerebellar hemispheres and the area of the anterior vermis may be larger in men than
in women regardless of differences in body size.

Aging of the human brain is a differential process
in which significant deterioration in some regions
coexists with relative preservation in others (1-3).
Although this pattern is apparent in the cerebral
cortex, it is unclear whether it can be extended to the
structures of the posterior fossa. Moderate shrinkage
of the cerebellar hemispheres has been observed in
postmortem examinations (4, 5) and in in vivo inves-
tigations (6-10). Differential aging of the cerebellar
vermis involving lobules VI and VII and to some
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extent lobules VIII through X, but not the anterior
cerebellar vermis, has also been reported (7, 11). In
one study, however, an opposite pattern was ob-
served, that is, a significant negative age trend was
found for the anterior but not the posterior vermis
(12). In contrast to the cerebellum, the pons has
consistently been shown to maintain its gross size
throughout the life span (9, 11-14). Several investi-
gators have observed sex differences in gross cerebel-
lar neuroanatomy. Men were shown to have larger
cerebella than those of age-matched women, al-
though in these reports the possibility that these dif-
ferences could have reflected sexual dimorphism of
body size was not consistently ruled out. Men also
evidenced significantly larger pons areas in at least
one sample (11).

In the prospective study reported here, we exam-
ined age and sex differences in the size of the
cerebellum and the ventral pons. Our main hypoth-
esis was that in the healthy elderly, the cerebellar
hemispheres and lobules VI and VII of the vermis
would show age-related shrinkage whereas the an-
terior vermis and pons would not. In addition, we
hypothesized that with body size controlled, there
would be no sex differences in the size of the
cerebellum and pons.
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Methods

Subjects

The data for this study were collected in an ongoing inves-
tigation of neuroanatomic correlates of age-related differences
in cognition. Subjects were recruited by advertisements placed
in local media and on the University of Memphis campus.
Participants signed consent forms approved by the Committee
for Protection of Humans Subjects in Research of the Univer-
sity of Memphis and by the Baptist Memorial Hospital Patients
Participation Committee and were screened by means of an
extensive health questionnaire. Persons who reported a history
of cardiovascular, neurologic, or psychiatric conditions; head
trauma with loss of consciousness for more than 5 minutes;
thyroid problems or diabetes; treatment for drug or alcohol
problems, or a habit of taking more than three alcoholic drinks
per day were excluded from the study. None of the participants
used antiseizure medication, anxiolytics, or antidepressants.
Subjects who suffered from claustrophobia were explicitly ad-
vised against participation in the study. Twelve subjects (five
men and seven women, 48 to 77 years old) who reported a
history of mild hypertension were admitted, because their
blood pressure was successfully controlled by medication. As
suggested in the literature, people who adhere to a medication
regimen and control their hypertension are no more likely to
exhibit signs of cerebrovascular disease than are normotensive
elderly persons (15). In addition, the sample was screened for
cerebrovascular disease by inspection of white matter hyperin-
tensities on magnetic resonance (MR) imaging studies (see
below for details). Of 166 subjects who underwent MR imag-
ing, all or substantial portions of the data for eight subjects
were lost owing to technical problems, such as disk failure,
excessive movement artifacts, operator error, and (in two
cases) significant discomfort on the part of the subjects during
scanning.

All subjects were screened for dementia and depression
using a modified Blessed Information-Memory-Concentration
Test (16) with a cutoff score of 30 and a Geriatric Depression
Questionnaire (17) with a cutoff score of 15. Finally, the MR
images of all subjects admitted to the study were examined by
an experienced neuroradiologist (J.D.A.) for signs of space-
occupying lesions and cerebrovascular disease. After this ex-
amination, 10 subjects (six men and four women, all older than
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 concen-
tration of white-matter hyperintensities). Although the exami-
nation was not quantified, a conscious effort was made to
render a conservative estimate of the subjects’ cerebrovascular
status. The final sample consisted of 146 subjects: 82 women
(46 = 17 years old) and 64 men (48 = 18 years old). The age
distribution was approximately rectangular, and did not differ
between the sexes (+ < 1). Average education among the
subjects was 15.8 years (more than 3 years of college), suggest-
ing a highly selected group, and there was no correlation
between education and age (r = .09, not significant [NS]). All
subjects were consistent right-handers.

MR Image Acquisition and Processing

Imaging was performed on a 1.5-T system. For each subject,
the following series of images was acquired. First, a sagittal
localizer sequence (three contiguous sagittal images on each
side of the midsagittal plane, seven sections altogether) was
obtained with parameters of 400/16/1 (repetition time/echo
time/excitations) and a section thickness of 5 mm. After that,
124 contiguous axial sections were acquired using a T1-
weighted three-dimensional spoiled gradient-recalled acquisi-
tion sequence. The acquisition parameters were 24/5/1, a 22-cm
field of view, a 256 X 192 matrix, a 1.3-mm section thickness,
and a 30° flip angle. Finally, a fast spin-echo sequence of
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interleaved T2- and proton density-weighted axial images was
acquired for use in screening for age-related cerebrovascular
disease. In this sequence, the parameters were 3300/90 effec-
tive or 18 effective/1, a 5-mm section thickness, and a 1.5-mm
intersection gap.

After the images were acquired, the MR data were refor-
matted offline and corrected for undesirable effects of head tilt,
pitch, and rotation by using proprietary software. The operator
used standard neuroanatomic landmarks to bring each brain
into a unified system of coordinates and to correct the devia-
tions in all three orthogonal planes. In this standard position,
the sagittal plane cut through the middle of the vermis. The
axial plane, perpendicular to the sagittal, passed through the
anterior-posterior commissure (incorporating the anterior-pos-
terior commissure line) and through the orbits. The coronal
plane, perpendicular to the axial, was leveled by the orbits.
Reformatted images were cut into coronal and sagittal sections
1.5 mm apart and saved on a VHS tape. Thickness of the
reformatted section was 0.86 mm (one linear pixel).

Morphometry was performed on a personal computer using
Java software (Jandel Scientific Co, San Rafael, Calif). The
MR images were digitized from the VHS tape via a Targa M-8
frame-grabber board (AT&T Corp, Murray Hill, NJ). An op-
erator displayed each image on the 27-inch video monitor with
standard brightness and contrast, and outlined the areas of
interest using a digitizing tablet. The areas were computed
using Java software, and the volumes of the regions of interest
(ROIs) were calculated from the areas of interest and from the
intersection distance.

Delineation of the ROIs

Trained operators, who were blinded to the subjects’ age
and sex, manually traced all ROIs as outlined on the MR
images in Figure 1. All questionable cases were resolved by
consulting the correlative and general brain atlases (18, 19).

For the cerebellar hemispheres, the coronal sections were
divided into two equal groups at random, and each half sample
was traced by a different operator. The hemispheres were
measured on 15 to 20 coronal sections sampled with a 3-mm
gap. The vermis, the cerebellar peduncles, and the fourth
ventricle were excluded, whereas the hemispheric gray matter,
the cerebellar tonsils, the vellum, and the corpus medullare
were included in the tracing of each cerebellar hemisphere.
The rostral border was defined as the first section on which
cerebellar gray matter became visible and distinguishable from
the cerebellar peduncles. Distinguishing the point at which the
cerebellar peduncles end and the corpus medullare begins was
difficult in many cases. Therefore, an arbitrary point was used
to determine when to start including the cerebellar white mat-
ter. This was the most rostral section that cut through the
anterior vermis. Thus, rostral to the most rostral section of
vermis, we only included the gray matter, since much of the
white matter on these sections is the peduncles. In rostral-
caudal progression, after the vermis was visualized, the opera-
tor included the white matter also, but excluded the vermis.
The measurement proceeded until the cerebellar hemispheres
were no longer observed or until they became indistinguishable
from the occipital lobe of the cerebrum. Thus, the bulk of the
measured volume consisted of the cerebellar gray matter from
the lateral surfaces of the cerebellar hemispheres and the tonsils.
The reliability of the volume measurement of the cere-
bellar hemispheres had an intraclass correlation, formula ICC (3),
of 0.95 (20).

The cerebellar vermis was traced on the midsagittal section
according to the rules previously described by Raz and col-
leagues (11). The areas of the lingula-centralis (lobules I
through III), the culmen (lobules IV and V), the declive,
folium, and tuber (DFT) (lobules VI and VII), and the poste-
rior vermis (pyramis, uvula, and nodulus, or lobules VIII
through X) were computed. To improve the reliability of area
estimates, we combined the areas of lobules I through V and
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Fic 1. A, Coronal MR section at the level the splenium shows cerebellar hemispheres with the ROI traced around the cerebellar

peduncles.

B, Coronal MR section shows cerebellar hemispheres. All ROls were traced manually, and the filled-in regions are for illustration only.
C, Demarcation of the ROIs on a midsagittal section shows the vermis and the ventral pons: 7 indicates lingula-centralis; 2, culmen
(anterior vermis); 3, declive, folium, and tuber; 4, pyramis; 5, uvula-nodulus (posterior vermis); 6, ventral pons.

Descriptive statistics and correlations for the areas and volumes of target structures and age

. . . Declive- . . Cerebellar

Age Height Anterior Vermis Folium-Tuber Posterior Vermis Hemispheres
Height —0.01
Anterior vermis —-0.07 0.22F
Declive-folium-tuber —0.34% 0.04 0.38%
Posterior vermis —0.23% 0.17 0.37% 0.35%
Cerebellar hemispheres —0.32F 0.32F 0.42% 0.25F 0.37%
Ventral pons 0.11 0.13 0.227 0.06 0.16 0.337
Mean 46.61 170.85 3.41 2.31 3.06 115.05
Standard deviation 17.36 9.15 0.52 0.45 0.47 11.80

Note.—The volume of the hemispheres is in cm?, the vermian and pontine areas are in cm?, and age is in years.

TP <.01
FP <.001

VIII through X into anterior and posterior vermian areas,
respectively. Five segments of the vermis were measured sep-
arately. The first ROI was bound by the superior medullary
vellum and the preculminate fissure, and included the lingula
and lobulus centralis, lobules I through III. The second ver-
mian ROI was the culmen (lobules IV and V), demarcated by
the preculminate and primary fissures. The third ROI consisted
of the DFT (lobules VI and VII), defined by the primary fissure
on the superior end and the prepyramidal fissure on the pos-
terior end. The fourth ROI was the pyramis (lobule VIII),
defined by the prepyramidal and secondary fissures. The fifth
ROI consisted of the uvula and the nodulus (lobules IX and X),
which were located between the secondary fissure and the
inferior medullary vellum. For all ROIs the upper and lower
boarders converged onto the apex of the fourth ventricle.

In about 10% of the cases, the uvula and the cerebellar tonsil
could be clearly demarcated because of the partial voluming. In
those images, we determined the borders of the fifth ROI
(uvula-nodulus) by using the following approach. First, the
tonsil itself was identified and the lateral borders of the tonsil
were ascertained using parasagittal images adjacent to the
midsagittal section. To define the lower border of the vermis,
we drew an arc clockwise between the two points at which the
tonsil and the vermis were discernible. Although the reliability
of the five ROI measures was quite good, with intraclass cor-
relations ranging from 0.89 to 0.94, we combined the posterior
regions—pyramis, uvula, and nodulus—to raise the reliability
above 0.90.

The ventral pons was easily identifiable on the midsagittal cut
as an elliptical structure with an obvious ventral border. The
dorsal border was the medial lemniscus, a strip of reduced

signal intensity on a T1-weighted MR image. The reliability
estimates of the ventral pons area had an intraclass correlation
of 0.96.

Results

The volume of the gray matter of the cerebellar
hemispheres, the total area of the vermis, the area of
vermian lobules VI and VII (DFT), and the posterior
vermis (but not the areas of the ventral pons and the
anterior vermis) evidenced significant negative corre-
lations with age (see Table). The mean value of the
cross-sectional area of lobules VI and VII (2.31 cm?)
corresponds closely to the population median value
(2.60 cm?). The correspondence of the two values is
especially close considering that in our approach, the
area of interest was traced after the convolutions
rather than by outlining the perimeter of the ROIs, as
illustrated by Courchesne and colleagues (21), and
was thus expected to be smaller. The volume of the
cerebellar hemispheres was also close to the values
reported in postmortem studies (5). The scatterplots
and the age trends for all measures are depicted in
Figures 2 through 6.

The magnitude of negative correlations between
ROIs and age varied across vermian lobules. The
strength of association between each vermian ROI
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Fic 2. Regression of the volume of the cerebellar hemispheres
on age. The volume is not adjusted for height and sex. Cerebellar
volume = 125.30 — 0.223 X age; r* = .10; P < .01.
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Fic 3. Regression of the volume of the declive-folium-tuber
(DFT) on age. The volume is not adjusted for height and sex. DFT
area = 2.72 — 0.008 X age; r* = .12; P < .001.

and age were compared by using Steiger’s formula
(22), which takes into account the correlations among
the ROIs. As predicted, the correlation between age
and the area of the DFT was significantly larger than
the next closest correlation (between the posterior
vermian area and age): Z* = 1.71; P < .05, one-tailed.
The difference was even greater for the correlation
between age and the anterior vermian area: Z* =
3.07; P < .001, one-tailed.

Using a simple regression of the area on age, we
estimate that within the age span of 20 to 80 years,
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Fic 4. Regression of the area of the posterior cerebellar vermis
(pyramis, uvula, and nodulus) on age. The volume is not adjusted
for height and sex. Posterior vermian area = 3.34 — 0.006 X age;
r? = .05 P < .01.
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Fic 5. Regression of the area of the anterior cerebellar vermis
(lingula, centralis, and culmen) on age. The volume is not ad-
justed for height and sex. Anterior vermian area = 3.54 — 0.003
X age; r° = .01, NS.

linear decline in the area of the most vulnerable
lobules (VI and VII) amounts to 4% per decade. The
cerebellar hemispheres and the posterior vermis were
affected by age to a lesser degree than was the DFT
area. According to the regression analysis of this
sample data, the volumes of the cerebellar hemi-
spheres and the posterior vermis are expected to
shrink by only about 2% per decade; the correspond-
ing rate for the anterior vermis is only 0.5% per
decade.

To examine sex differences in the aging of posterior
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Fic 6. Regression of the area of the ventral pons on age. The
volume is not adjusted for height and sex. Pons area = 3.46 —
0.003 X age; r* = .01, NS.

fossa structures we analyzed the areas of the vermian
lobules and the pons, and the volume of the cerebel-
lar hemispheres in three general linear models. In
each model, the volume or area of the ROI served as
the dependent variable, sex was a grouping factor, age
(recentered at the sample mean) was a continuous
independent variable, and height (also recentered at
the sample mean) served as a covariate. Because men
were significantly taller than women (178 = 6 cm
versus 165 = 7 cm, #([144]) = 11.89; P < .001), we
introduced height into all models as a covariate to
control for variations that could have been related to
the differences in body size. Cerebellar hemispheres
(right versus left) and three vermian ROIs were re-
peated measures in their respective models. The as-
sumption of homogeneity of regression slopes was
met for all models (height X sex interaction F < 1).

The results of these analyses revealed significant
main effects of age on the volume of both cerebellar
hemispheres: F(1,142) = 21.42; P < .001. The age-
related shrinkage of the vermis was also significant:
F(1,142) = 12.12; P < .001. A significant age X lobule
interaction (F[2,284] = 3.13; P < .05 with Green-
house-Geisser correction) confirmed the differences
in age trends observed for unadjusted measures of the
vermian regions.

Although there were no sex differences in the total
vermian area, significant lobule X sex interaction
(F[2,284] = 7.04, P < .001 with Greenhouse-Geisser
correction) indicated that men had differentially
larger vermian lobules even after adjustment for
height. The post-hoc ¢ tests revealed no sex differ-
ences in the areas of the posterior vermis and lobules
VI and VII (¢[144] = 1.61, and #[144] = 1.05, respec-
tively, both NS), whereas the anterior vermian area
was larger in men: #(144) = 3.07; P < .005. The
volume of the cerebellar hemispheres was also
greater in men: F(1,142) = 9.05; P < .005, although
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the effect of sex was not equivalent across the hemi-
spheres (F[1,142] = 6.55; P < .05 for the hemi-
sphere X sex interaction). The observed hemispheric
volume differential between the sexes was small but
reliable. The left hemisphere was larger in men by
6.5%, whereas the right hemisphere was larger by
7.9%. For the ventral pons area, neither age (F[1,142]
= 1.59) nor sex (F < 1) had a significant effect.

Discussion

An awareness of normal neuroanatomic variability
is important for understanding pathologic changes. In
regard to the posterior fossa structures, the cumula-
tive research record of in vivo studies is rather short
and there is a need for normative data. In our pro-
spective study, we examined two potential sources of
normal variability in regional cerebellar volumes: age
and sex. The results of this investigation provide a
valuable addition to the normative database of the
cerebellar anatomy in that they support the notion of
differential aging of the cerebellum and the ventral
pons: mild but significant age-related shrinkage of the
neocerebellar vermis (lobules VI and VII) and the
cerebellar hemispheres contrasts with the apparent
age invariance of the anterior vermis and the ventral
pons.

Some of our previous findings were not replicated.
For example, we observed no age-related shrinkage
of the culmen yet noted a mild decline in the area of
lobules VIII through X, a departure from our previ-
ous observation in a mostly archival sample (11). Such
discrepancies underscore the need for accumulation
of a reasonably large sample of studies, in which each
study’s outcome is represented by its effect size and is
treated as a single observation. Only a metaanalysis
(23) of multiple studies can yield meaningful esti-
mates of the magnitude of age and sex differences in
cerebellar anatomy. In the metaanalytic context, “fail-
ures to replicate” are simply instances of effects that
are not significantly different from zero. Sufficient
accumulation of zero effects and a zero mean effect
indicate that nonzero findings are only incidental and
do not reflect the central tendency.

It is noteworthy that these age-related differences
were observed in a sample of highly educated and
healthy subjects. Such a sample is hardly representa-
tive of the general population, and clinical generaliz-
ability of our findings is limited. The goal of this
investigation was to test the hypothesis regarding dif-
ferential aging of the cerebellum under the most
favorable circumstances. The results show that even
so-called successful aging (24) is associated with mild
shrinkage of the selected cerebellar regions.

It is unclear what mechanisms account for the ob-
served patterns of differential vulnerability to aging.
An examination of the histologic findings of the aging
cerebellum shows general but not differential atro-
phy, as the age-related loss of Purkinje cells is uni-
formly distributed across the vermian lobules and the
cerebellar hemispheres (4). Whatever the causes of
selective vulnerability of the cerebellar lobules VI and
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VII, they are not necessarily specific to aging, for a
similar differential pattern has been observed in in-
fantile autism (25), Down syndrome (26), and acute
childhood leukemia (27).

One possible cause of differential aging may be
age-related changes in the cerebrovascular system,
although at present, the relevant evidence is mixed.
Normal aging, especially when accompanied by mild
hypertension, is associated with significant cerebro-
vascular disease. Reduction in cardiac output (28,
29), vascular responsiveness (30), cerebral blood flow
(31), and flow velocity (32), as well as progressive
deterioration of cerebral vessels (33) and disorgani-
zation of the cerebellar arterial networks (34), are
observed throughout life. On the other hand, in con-
trast to associated cerebral cortices, the cerebellum,
when examined in toto, shows no significant age-
related declines in blood flow, oxygen consumption,
and glucose metabolism (35-38).

The topography of its blood supply may predispose
the cerebellum to differential aging. The vulnerable
regions, the lateral surface of the cerebellar hemi-
spheres and the posterior vermis, are supplied by the
tributaries of the posterior inferior cerebellar artery
(PICA), which originates in the vertebral artery,
whereas the blood supply for the age-invariant supe-
rior vermis comes from the superior cerebellar artery,
which branches off the basilar artery (39, 40). As the
vertebral system receives a relatively small volume of
blood even under normal circumstances (41), and
age-related vertebral insufficiency is rather common
(42), the cerebellar structures that are the most re-
mote from the source may be at the greatest risk.
Indeed, the PICA territory is the most common loca-
tion for cerebellar infarcts (43), although the distri-
bution of infarcts by the distance from the PICA
origin is unknown. It is possible that under conditions
of insufficient perfusion, the border-zone (watershed)
areas may suffer the most from transient subclinical
ischemia and hypoxia. This possibility, although
purely speculative, merits further investigation with
special attention to evaluation of regional cerebrovas-
cular variations within the cerebellum.

Our finding of larger cerebellar hemispheres in
men is in accord with the bulk of the literature (44),
and it mirrors analogous observations in the cerebral
cortex (3). In contrast, a similar trend in the anterior
vermis has not been reported, and must be viewed
with greater caution, as it may be a spurious finding.
Even for well-replicated sex differences in brain mor-
phology, the causes and mechanisms remain to be
elucidated. These differences are most likely of pre-
natal or perinatal origin, because in contrast to sex
differences in body size, sexual dimorphism of cere-
bral and cerebellar size is observed in children before
puberty (45) and cannot be attributed to postpubertal
differences in sex hormones. Future exploration of
sex differences in brain morphogenesis in utero may
shed light on gross neuroanatomic differences that
are observed apparently throughout the normal life
span.
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Conclusions

We found that normal aging selectively affects the
cerebellar hemispheres as well as lobules VI and VII
and VIII through X of the cerebellar vermis while
sparing the anterior vermis and the ventral pons.
These observations are noteworthy as they demon-
strate that the central nervous system is not spared
even in successful aging. Although the degree of ap-
parent loss of cerebellar tissue is rather mild and
unlikely to be noticed on clinical examination, it
should be taken into account in functional imaging
studies of aging, when the cerebellum is considered as
a suitable structure for reference and normalization
(35-38). These findings also raise a question of the
relationship between age-related decline in multiple
sensorimotor and cognitive functions believed to be
subserved by the cerebellum (25, 42) and deteriora-
tion of their neuroanatomic substrates.
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