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Abstract Gait disturbance and cognitive changes
are common with ageing. The cerebellum contributes
to motor coordination and participates in various
aspects of cognition. However, no research has
investigated the possible cerebellar contribution to
gait and cognition in non-demented very old indi-
viduals. The current study aimed to determine the
associations between indices of cerebellar size (vermal
area and total volume) and measures of motor and
cognitive integrity, as well as the role of variables
known to impact on cerebellar size (alcohol con-
sumption and chronological age) in a sample of
111 community dwellers (mean age: 85 years; range:
81-97 years). A marginally significant association was
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present between age and total vermal area. Significant
correlations between current daily alcohol intake and
some vermal areas were observed. These associations
were more pronounced in men, particularly after
controlling for cerebrum size. Multiple linear regres-
sion models revealed limited unique contributions of
cerebellar predictors to neurological and cognitive
measures. In summary, the results indicate that the
cerebellum may be susceptible to alcohol-related
shrinkage in non-demented very old individuals,
more so in men, even at low dose. It also appears that
the observed changes in cerebellum size in this pop-
ulation contribute little to neurological and cognitive
changes.
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Introduction

Cognitive deficits, gait abnormalities and neurological
disorders rise with age [30]. They compromise the
independence and quality of life of older persons and
place high demands on public health resources. The
dramatic ageing of the population in industrialised
countries is paralleled by an increasing number of
individuals affected by these disorders. One major
cause of disability and reduced quality of life over the
age of 75 years is gait disturbance [9]. Gait ataxia, a
component of gait disturbance, was found to be the
most common neurodegenerative diagnosis in a large
Australian epidemiological study on normal ageing
[41]. Decline in memory and other cognitive changes
with ageing are also associated with reduced inde-
pendence and quality of life [43].

How cerebellar changes contribute to gait distur-
bance and cognitive changes in ageing has received
little attention. This is despite the known role of the



cerebellum in the regulation of posture and the
modulation of the pattern of walking movements and
the planning and coordination of skilled volitional
movements. Damage to the cerebellum gives rise to
motor disturbances, such as limb incoordination,
dysarthria, postural disturbances, movement tremor
and gait ataxia. One dramatic example is the suscep-
tibility of the vermis to alcohol with a clear causal
relation established between alcohol use and vermal
cell loss [21, 35, 36] with resultant gait ataxia; this
relation being also reported in moderate drinkers
[23].

In cognition, the contribution of the cerebellum to
associative learning (e.g., eyeblink conditioning) is
well established (e.g., [45]). In addition, studies on
congenital and acquired cerebellar pathology consis-
tently report reduced performance on tasks of exec-
utive functions [2, 16] as well as slowed information
processing, visuospatial difficulties and poor memory
retrieval [3, 8, 11]. Neuroimaging studies in normal
controls have shown correlations between cerebellar
activity and word generativity [34], working memory
[15, 33], and, more weakly, with memory retention
and possibly IQ [32]. The relation between cerebrum
size and age is well documented [14, 20], but the
relationship between age and cerebellar size has not
been clearly established. Some studies reported a
significant decrease in cerebellar size with age [10, 37]
while others did not [4, 38].

Most studies, however, investigated young samples
with limited cognitive testing and the contributions of
variables such as age and gender were, in many in-
stances, not specifically explored. The presence of
additional extra-cerebellar lesions in some patient
groups also limits the generalisation of some findings.
Despite these limitations, studies on pathological and
normal populations provide supporting evidence for a
role of the cerebellum in cognition in addition to
motor planning and motor control. To date, no study
has investigated systematically the relations between
cerebellum, gait and cognitive status within the very
old population.

Thus, the aim of this study was to investigate the
role and contributions of the cerebellum to gait
impairment and cognitive change in non-demented,
very old individuals. The specific hypotheses were
that: (i) cerebellar size would show little age-related
change; (ii) greater levels of alcohol consumption
would be associated with smaller cerebellar sizes,
more pronounced in the vermis; (iii) indices of cer-
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ebellar size, particularly in the vermis would be
associated with aspects of neurological functioning
thought to be dependent on cerebellar modulation;
and (iv) indices of cerebellar size would be predictive
of performance on tasks which place demands on
higher-order cognition (e.g., executive function,
working memory).

Methods

Participants were part of the 6-year follow-up of the Sydney Older
Persons Study (SOPS). SOPS is a longitudinal study following a
random sample of 630 community dwellers living in the inner west
of Sydney, Australia, aged 75 years and over at the time of enrol-
ment. The methodology and sample selection have been described
previously [42]. Of the 299 participants available, those capable of
giving informed consent to magnetic resonance imaging (MRI) and
high level cognitive testing were invited to participate in the current
study, which was approved by the Central Sydney Area Ethics
Committee. Some participants were excluded due to poor health
and frailty or because of technical criteria associated with MRI
procedures (e.g., cardiac pacemaker or claustrophobia). Among the
122 individuals who participated, MRI data were unavailable for 11
(mostly due to movement artefacts). Analyses are reported for the
111 individuals (60 men and 51 women) with a complete data set.
No participant met published clinical criteria of dementia. Demo-
graphic characteristics of the sample are presented in Table 1.
There was no sex difference with respect to age, education, MMSE
score but daily alcohol consumption (measured in grams/day) was
significantly lower in women than men.

The 188 SOPS individuals who did not participate were signif-
icantly older (87.0 £3.9 vs. 85.5 % 3.1 years; t(297) = 3.477,
p =0.001), had a lower MMSE score (21.7 + 7.5 vs. 26.7 + 2.6
points; #(268) = —3.4, p < 0.001), but a similar level education level
(10.0 = 1.8 vs. 10.2 £ 2.0 years; #(297) = —1.133, p = 0.258) and
lower daily alcohol consumption (3.1 £7.1 vs. 7.5%9.7 g;
t(297) = —4.531, p < 0.001) compared to the study participants. All
participants were in the “low risk” category of daily alcohol con-
sumption (i.e., up to four drinks/day for men or two drinks/day for
women) excepted for one woman who was in the “risky” category
(i.e., 3-4 drinks/day) according to the guidelines of the National
Health and Medical Research Council of Australia [29].

Briefly, participants underwent a medical and neurological
examination, a cognitive assessment, an interview regarding
medical history, medication use, alcohol consumption, activity
levels and psychological wellbeing and MRI. Aspects of motor
functioning known to become compromised with ageing were
recorded, the measures being categorised as either requiring
cerebellar or extrapyramidal involvement (although some may
reflect dual involvement). The cerebellar measures comprised: (a)
Bilateral ataxic gait; (b) Heel-to-toe walk; (c) Alternating move-
ment; (d) Cerebellar coordination; (e) Sway path; and (f) Bilat-
eral finger tapping. The extrapyramidal measures included: (a)
Composite extrapyramidal (EP) score; (b) Maximum anterior-
posterior (AP) reach; (c) Timed walk; (d) Reduced arm swing;
and (e) Bradykinetic gait. The neurological measures are de-
scribed in Table 2.

Table 1 Demographic characteristics
for the 51 women and 60 men

composing the study sample: mean
(SD) Age (years)

Women Men t p Value

85.72 (3.41) 85.29 (2.89) <1 NS
MMSE score (0-30) 26.85 (2.51) 26.67 (2.66) <1 NS
Education (years) 10.12 (2.88) 10.2 (1.9) <1 NS
Daily alcohol intake (g/day) 4.42 (7.28) 10.2 (10.88) 3.33 0.001

MMSE = Mini-mental state examination
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Table 2 Description of the neurological measures

Measure Purpose/description

Measure/comment

Cerebellar measures
Ataxic gait

Heel-to-toe walk Ability to complete 10 steps heel-to-toe walk

Alternating movement
Cerebellar coordination Global degree of cerebellar incoordination
Sway path

Finger tapping®
Extrapyramidal measures
Composite EP score

Number of taps during a 5-s period

on a 4-point scale
Bradykinetic gait
Maximum AP reach? Extent of truncal reach in the AP axis whilst
keeping both feet on the ground
Time to complete a 5-m walk

Reduced arm swing in either arm

Timed walk
Arm swing

Evidence of bilateral ataxic gait on neurological examination

Evidence of incoordination in either upper limb

Path of involuntary sway whilst standing on firm ground

Combination of 10 separate variables each measured

Evidence of bradykinetic gait on neurological examination

Absent or present
4 point-scale (1 = no putting foot out of line;
2 = sways or puts foot out of line once;
3 = marked sway or puts foot out of line > 1;
4 = unable to complete 10 steps)
Absent or present
3-point scale (1 = normal; 2 = mild; 3 = moderate to
severe); average score for all limbs
Path (mm?)
Average number of taps for left and right index finger

0-10 (from 0 = no EP abnormality to 10 = maximal
EP abnormality). See [42] for details

Absent or present

Sum of anterior and posterior reach (mm)

Time adjusted for lower limb arthritis (seconds)
Absent or present

? Indicates cerebellar and EP contribution
AP = anterior—posterior, EP = extrapyramidal

Measures of the five major cognitive domains were adminis-
tered with an emphasis on tasks tapping into attention and exec-
utive functioning given the evidence of cerebellar contribution to
these cognitive processes. The measures administered were the
Digit span [44], the California computerized assessment package
(CalCAP) simple and choice reaction time tasks [28], the Logical
memory subtest of the Wechsler Memory Scale-Revised [44], the
Judgment of line orientation [7], the Boston naming test [22], the
New tower of London [17], the Oral trails making test-part B [24],
the Controlled oral word association task (phonemic fluency) [6]
and Semantic fluency [40].

Image acquisition was performed on a 1.5-Tesla General Elec-
tric Signa scanner. For the purpose of this study, two sequences
were acquired: a T1 SE sequence in the sagittal plane (TR/TE 500/
16 ms) with slices 5 mm thick, a 22-cm field of view and a
256 X 192 matrix; and a T1 weighted three-dimensional spoiled
gradient echo sequence in the coronal plane (TR/TE 12/3.5 ms)
with slices 1.5 mm thick, a 22 cm field of view and a 256 x 192
matrix.

Cerebellar measurements were obtained with the ANALYZE PC
AVW 3.0 software package [1] using semi-automated and manual
procedures. Three regions of the vermis were manually traced on
the most medial slice in the sagittal plane, using the T1 SE se-
quence. The first region, termed V1, included the lobules I-V. The
second region, termed V2, included the lobules VI-VII and the
third region, termed V3, included the lobule VIII-X. V1 was
delineated from V2 by the primary fissure, and V2 was delineated
from V3 by the prepyramidal fissure (Fig. 1).

Consistency of area and volume measurements was assessed
with intraclass coefficients (ICC) using one-way random effects
model. ICC were 0.92 for V1, 0.95 for V2, and 0.96 for V3 (all
ps < 0.001). The total cerebellar volumes (TCV) were obtained
following a two-step procedure. First, we measured total intracra-
nial and whole brain volumes on the coronal T1 weighted images.
In a second step, cerebellar volumes were extracted by manually
erasing the cerebrum on each slice. Cerebellar peduncles were also
erased on all slices where there was a visible distinction between the
white matter of the peduncles and the cerebellar grey matter. ICC
for TCV was .99 (p < 0.001). Cerebrum size was obtained by sub-
tracting TCV from whole brain volume.

We investigated the associations of sociodemographic variables
(age and daily alcohol consumption) with the cerebellar measures
using partial correlations, controlling for total intracranial volume
or cerebral volume. Given the different recommended alcohol
consumption levels for men and women [29], analyses were con-

ducted for the full sample, as well as for men and women sepa-
rately. In these analyses, significance level was set at the p value of
0.01 to reduce the likelihood of Type 1 error. Given the a priori
hypotheses, we report one-tailed tests of significance.

The contributions of cerebellar measures to neurological func-
tioning and cognitive performance were examined with multiple
linear regression analyses. A multivariate model was established for
each neurological and cognitive measure (i.e., the dependent vari-
able), with the indices of cerebellar size as predictors, as well as
other covariates. We first conducted a series of univariate analyses
in order to establish the contribution of each predictor and each
covariate to the dependent variable, independent from each other
predictor. In a second step, the significant predictors and covariates
arising from the univariate analyses were entered simultaneously in

Fig. 1 Midsagittal section showing the manual segmentation of three areas
of the vermis, labelled V1 (lobules 1-V), V2 (lobules VI-VII) and V3 (lobules
(VIN-X). The primary fissure separates V1 and V2 and the prepyramidal fissure
separates V2 from V3



Table 3 Cerebellar and cerebral measurements of 111 very old non-demented
individuals

Mean SD Range
Area measurements (mm?)
V1 455.7 74.40 308-812
V2 302.4 84.97 167-645
V3 408.9 104.63 155-673
Total Vermis (V1-V3) 1167.1 189.67 717-1789
Volume measurements (cm’)
Cerebellar volume 1243 12.3 94.7-167.5
Cerebral volume 967.7 95.9 758.8-1256.3
Total intracranial volume 1381.2 156.9 1006.7-1766.4

V1 = Vermal area 1. V2 = Vermal area 2. V3 = Vermal area 3. See text for V1-
V3 definitions

a multivariate model to establish their respective unique contri-
bution to the dependent variable. In these regression analyses,
cerebral size and chronological age were used as covariates. Cere-
bral size was included to ensure that any significant associations
were due specifically to variation in the size of the cerebellum ra-
ther than a general brain effect. Age was included to control for
changes in motor and cognitive functioning associated with ageing.
In addition, for the cognitive measures, sex and years of education
were also included as covariates as these variables are known to
modulate cognitive test performance.

Results

Descriptive cerebellar and cerebral measurements are
presented in Table 3. Cerebellar volume measures are
similar to those reported in previous studies [10, 37].

One-tailed partial correlations (controlling for total
intracranial volume) revealed no significant associa-
tions between age and cerebellar measures at the p
value of .01 in this group. A marginal correlation was
present between the total vermal area measurement
and chronological age (r = —0.18; p = 0.03) (Table 4).
Closer examination revealed that this association
was due to V3 contribution exclusively (r = —0.17;
p = 0.04).

Controlling for total intracranial volume, correla-
tional analyses on the full sample revealed statistically
significant correlations between daily alcohol con-
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sumption and V2, V3 and Total vermis, with smaller
vermal areas being associated with higher daily alco-
hol consumption (Table 4). This pattern of associa-
tions was strengthened after controlling for cerebrum
size, with an additional association with V1 and a
marginally significant association with total cerebel-
lum volume (—0.22, p = 0.02). These associations
indicated a specific effect of alcohol effect on the
cerebellum in addition to a general brain effect.

The pattern of associations between alcohol and
cerebellar measures was markedly different in women
and men. In women, although pointing in the
expected direction of smaller cerebellar measures with
higher alcohol intake, no correlation reached the
p value of .01. A marginally significant correlation was
present between alcohol and V2 (-0.25, p = 0.04).
Further, this pattern of associations did not change
after controlling for total intracranial or cerebral
volumes. This finding was in sharp contrast with the
results found in men. In this group, only marginally
significant associations with alcohol were present in
V1, V3 and Total Vermis (ps = 0.04, 0.03 and 0.02,
respectively) after controlling for total intracranial
volume. All the correlations, however, became more
pronounced when controlling for cerebrum size
(Table 4). This pattern of associations suggested a
greater sensitivity of the cerebellum to alcohol in men,
comparatively to the rest of the brain whereas women
did not appear to show this differential sensitivity.

The multiple linear regression models for the
neurological measures as outcome variables are pre-
sented in Table 5. Only one neurological measure (out
of 12) showed a unique multivariate contribution
from any cerebellar measures: TCV which, together
with Age, explained 11% of the score variance on
Finger tapping (p < 0.001). In five models, Age was
the only significant predictor contributing to the
scores (Heel-to-toe walk, EP global score, Flexed
posture, Bradykinetic gait and Timed walk). AP reach
received significant univariate contributions from
several cerebellar measures but these failed to show
unique contribution above and beyond that of the
cerebrum when considered in the multivariate model

Table 4 Partial correlations
(controlling for total intracranial

Daily alcohol consumption

volume or for cerebrum size) between

age, daily alcohol consumption and Age Full sample Women Men
cerebellar measures TICV TICV Cerebrum TICV Cerebrum TICV Cerebrum
Vi —0.04 -0.20 —0.24* —0.01 —0.01 -0.22 —0.30*
V2 —-0.10 —0.23* —0.27%* —0.25 —0.25 —0.15 —0.20
V3 -0.17 —-0.23* —0.26%* -0.14 -0.14 -0.23 —0.31**
Total vermis —-0.18 —0.30%** —0.35%** -0.20 -0.19 —-0.27 —0.37%*
(V1-V3)
Cerebellum —-0.04 —-0.13 —-0.22 0.15 0.19 —-0.16 —0.33*
volume

*p < .01, ** p < .005, *** p < .001 (one-tailed)
Cerebrum = controlling for cerebrum size. TICV = controlling for total intracranial volume. V1 = Vermal area 1.
V2 = Vermal area 2. V3 = Vermal area 3. See text for V1-V3 definitions
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Table 5 Multivariate models for the
cerebellar, extrapyramidal and

cognitive measures

Outcome variable Predictors Variance explained (%) p
Cerebellar measures
Ataxic gait — — —
Heel-to-toe walk Age 6 0.009
Alternating movement — — —
Cerebellar coordination — — —
Sway test = = =
Finger tapping Age, TCV 1 0.001
EP measures
EP global score Age 10 0.001
Flexed posture Age 5 0.021
Arm swing — — —
Bradykinetic gait Age 9 0.001
Maximum AP reach Cerebrum 12 0.0001
Timed walk Age 1 0.0001
Cognitive measures
Simple reaction time Education 5 0.025
Complex reaction time Age 8 0.002
Complex reaction efficiency Age 8 0.002
Digit span forward Age 8 0.002
Digit span backward Education, Cerebrum 9 0.008
Judgment of line orientation Education, Cerebrum 14 0.0001
Logical memory immediate Age, Education 12 0.001
Logical memory % retention Age 7 0.005
Boston naming test Education 7 0.004
Phonemic fluency V3 4 0.02
Semantic fluency V3 9 0.001
Similarities Age, Education, TCV 30 0.0001
Oral trails—part B — — —
New tower of London Age, Cerebrum 16 0.0001

EP = extrapyramidal. TCV = total cerebellar volume. V3 = cerebellar lobules VIlI-X
— denotes absence of significant contributions from the set of predictors

(Table 5). Cerebellar variables, or the covariates,
failed to contribute to five neurological scores (Ataxic
gait, Alternating movement, Cerebellar coordination,
Sway test and Arm swing) despite the fact that these
measures were deemed to reflect cerebellar integrity
(with the exception of Arm swing).

In the multivariate models with the cognitive
measures as outcome variables, the amount of score
variance explained ranged between 4% and 14% with
the exception of Similarities (30%) (Table 5). Age and
Years of education were, alone or together, the only
significant predictors in seven out of 14 scores, and
associated with another predictor for an additional
four scores. Cerebellar measures were found to have
little unique contribution to the models with the
exception of Phonemic and Semantic fluency tasks
(both V3) and Similarities (TCV). Four cognitive
measures (Complex reaction time, Complex reaction
efficiency score, Digit span forward and New tower of
London) received significant univariate contributions
from cerebellar predictors but these disappeared
when entered simultaneously in the multivariate
models, indicating that their contribution to scores
was mediated by other predictors in the model, in
most cases Age. As was the case for the neurological
variables, all contributions to the multivariate models
were in the expected directions (i.e., smaller vermal
measurements associated with poorer scores). This
pattern of results was not altered after taking into

account current alcohol consumption. Independent
t-tests comparing the cognitive performance of
drinkers and non-drinkers indicated no significant
differences between the two groups.

Discussion

We aimed to investigate the relations between indices
of cerebellar size and sociodemographic variables (age
and alcohol use), motor functioning and cognitive
functioning in a community-based sample of very old
individuals. The limited association between total
vermal area and chronological age partly confirmed
our first hypothesis. This finding is in agreement with
previous studies [13, 26, 38]. Unlike Raz and colleagues
[37], who reported a significant association between
age and the vermis only (lobules VI-VII), we found a
marginally significant association with age for the
posterior aspect of the cerebellum (lobules VIII-X).
A mixed sample of younger volunteers and neurolog-
ically intact patients in Raz et al.’s study compared to a
much older sample of community dwellers with a rel-
atively limited age range (81-97 years) in the current
study probably explain these differences. This finding
confirms the greater volume stability of the cerebellum
compared to the cerebrum even in very old individu-
als. When changes occur, they tend to be mild and may
be limited to some specific areas of the vermis. This



point probably explains the lack of association of age
with TCV, which included the lateral hemispheres. Our
sample, arguably included individuals who are healthy
survivors and may no longer be representative of the
general population of this age group. Although a
stronger association between age and cerebellar mea-
surements may exist in the general population of this
age, our sample allowed us to investigate the effect of
age unpolluted by other contributing variables that are
also more common in ageing (e.g., neurodegenerative
disorders).

Our second hypothesis was partly confirmed.
Controlling for total intracranial volume, higher level
of daily alcohol consumption was found to be associ-
ated with smaller vermis sizes for V2 (lobules VI-VII)
and V3 (lobules VIII-X). Furthermore, these associa-
tions increased in magnitude after controlling for total
cerebral volume, the association with V1 becoming
also significant. Interestingly, the pattern of associa-
tions was sex specific. Initial correlations (controlled
for intracranial volume) showed that women had a
marginal contribution to the significant association
for V2 but not V3 and the reverse being true for men.
In women, the strength and pattern of associations did
not change whether controlling for total intracranial
or cerebral volumes. In marked contrast, in men, all
the correlations pointing towards smaller cerebellar
indices associated with larger daily alcohol con-
sumption became stronger after controlling for total
cerebral volume. Thus, our results indicate a greater
sensitivity of the vermis to the effect of alcohol unique
to men. An additional association with TCV suggests
that cerebellar hemispheres are not immune to the
effect of alcohol, at least in men. For women in this
sample and for this age group, the effect of alcohol
appears to be on all brain structures, rather than
specific to the cerebellum, as would have been
expected. Level of education, reflecting an index of
socio-economic status, did not modify this pattern of
associations.

These findings are not inconsistent with previous
reports of an association between excessive alcohol
consumption and reduced vermal size [21, 35, 36] nor
with the increased sensitivity of the anterior superior
vermis to alcohol-related damage. In addition, they
are not inconsistent with reports of an increased
sensitivity to the damaging effects of alcohol abuse on
the cerebral cortex and white matter in females
[19, 27]. In general, women develop an equivalent
degree of brain shrinkage at lower levels of alcohol
consumption.

Importantly, these significant associations were
observed despite reported current consumption of
alcohol within the National Health and Medical Re-
search Council recommended non-harmful levels
[29]. Whilst this finding suggests that even modest
alcohol consumption may lead to vermal atrophy,
other factors must be considered. Firstly, only data on
current, but not lifelong, alcohol consumption were
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available. It is plausible that the participants currently
reporting larger daily alcohol consumption would
have been also more likely to have consumed higher
levels in the past. Thus, the variations in vermal size
may have been associated with previous “risky” or
“hazardous” levels of alcohol use. Secondly, the
validity of the self-reported levels of alcohol con-
sumption was not confirmed by an independent
source and the possibility of under-reported current
level of alcohol intake must be borne in mind. Finally,
it is possible that the relationships revealed were
mediated by nutritional deficiency [4, 18], which was
not assessed in this study. Nonetheless, the results
highlight the possibility that the ageing cerebellum, in
particular the vermis, may be susceptible to alcohol-
related shrinkage, especially in men.

Specific guidelines for safe levels of alcohol con-
sumption in older people do not exist, although they
are recommended to “consider drinking less” than
the non-hazardous levels for young people. The re-
ported association between vermal size and alcohol
consumption suggests that more conservative rec-
ommendations may be appropriate for older people.
However, drinkers and non-drinkers showed no sig-
nificant differences in cognitive performance. Those
consuming larger amounts of alcohol may have
exhibited smaller vermal regions but, in this group,
such reduction in vermal size was not severe enough
to cause functional impairments or cognitive deficits.
In addition, there is some evidence to suggest that
moderate alcohol intake has health benefits, epide-
miological studies reporting significantly lower risks
of developing dementia for light to moderate drinkers
(1-3 drinks/day) compared to abstinents [31, 39].
Clearly, more research needs to focus on the impact
and the possible risks and benefits of moderate
drinking in older individuals.

The third and fourth hypotheses received only very
limited support. Cerebellar measures failed to con-
tribute to a number of neurological measures, even
those thought to reflect cerebellar integrity. Only TCV
was found to be predictive of performance of a single
neurological measure: Finger tapping. Two previous
studies [5, 32] reported a similar relationship between
cerebellar size and motor dexterity in groups of
healthy young individuals. This supports a contribu-
tion of the lateral hemispheres of the cerebellum to
motor dexterity. It further highlights the importance
of controlling for motor speed and dexterity when
patients with cerebellar lesions are cognitively as-
sessed using tasks involving a motor component.
Similarly, significant contributions of cerebellar size
to cognitive performance were found on three cog-
nitive tasks only (Similarities, Phonemic and Seman-
tic fluency tasks). On most measures, score variance
was accounted for by Education and, as with the
neurological measures, Age.

How can we explain these findings? The neuro-
logical and cognitive measures administered may be
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appropriate to identify gross abnormalities in indi-
viduals with significant cerebellar lesions but may fail
to detect subtle disturbances associated with slight
volume change in the cerebellum of relatively healthy
older individuals. Furthermore, the multifactorial
nature of most cognitive tasks makes it difficult to
detect subtle changes in a structure, which supports
only one of the many cognitive functions required for
a successful performance on the task(s) under inves-
tigation. A certain degree of shrinkage may possibly
be required before the functional integrity of the
cerebellum is compromised, and either motor or
cognitive disturbance be detected clinically (i.e.,
threshold effect). Alternatively, the changes detected
in cerebellar size may reflect a loss of white matter in
the cerebellum rather than neurodegeneration as has
been shown for alcohol abuse [25] and advancing age
[12]. The functional consequence of white matter loss
may be more subtle and may be reflected in pro-
cessing time rather than overall performance.

There may be some limitations to the present
study. First, volume was only available for the whole
cerebellum. Volumetric measurements of the vermal
regions might have uncovered associations not de-
tected with surface measurements. Second, the ab-
sence of information on nutritional status did not
permit us to explore further the reasons underlying
the associations between alcohol consumption and
vermal size, and the difference between men and
women. Finally, the cross-sectional design of the
study means that only associations, but not causation,
between variables can be established. These limita-
tions notwithstanding, findings from this study pro-
vide supporting evidence that the vermal regions of
the cerebellum in very old non-demented adults are
particularly vulnerable to alcohol-related damage,
even when current levels of consumption are well
within recommended guidelines. In addition, the ef-
fect seems to be gender specific. Our findings also
show that alcohol consumption within the current
recommended guidelines is not associated with sig-
nificant cognitive deficits in very old individuals.

Acknowledgments This research was supported in part by
grants from the National Health and Medical Research Council of
Australia (NHMRC), an Infrastructure Stream C grant from the
Department of Health of New South Wales, Australia and by the
Ageing and Alzheimer’s Research Foundation. We would like to
thank Jessica Carroll, Jo Millar and Enid Sawley for data collection.
OP is supported by an NHMRC Neil Hamilton Fairley Postdoctoral
Fellowship (ID: 222909).

References

1. ANALYZE PC AVW 3.0 Biomedical Imaging Resource. Mayo
Foundation, Rochester, MN

2. Appollonio IM, Grafman J, Schwartz V, Massaquoi S, Hallett M
(1993) Memory in patients with cerebellar degeneration. Neu-
rology 43:1536-1544

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

. Arroyo-Anllo EM, Botez-Marquard T (1998) Neurobehavioral

dimensions of olivopontocerebellar atrophy. J Clin Exp Neu-
ropsychol 20:52-59

. Baker KG, Harding AJ, Halliday GM, Kril JJ, Harper CG (1999)

Neuronal loss in functional zones of the cerebellum of chronic
alcoholics with and without Wernicke’s encephalopathy. Neu-
roscience 91:429-438

. Bekkelund SI, Pierre-Jerome C, Winther ], Mellgren SI (1999)

Relationship between brain structure sizes and performing
rapid limb movements. A quantitative magnetic resonance
study. Eur Neurol 42:185-189

. Benton AL, Hamsher K, Varney NR, Spreen O (1983) Contri-

butions to neuropsychological assessment. Oxford University
Press, New York

. Benton AL, Hamsher K (1983) Multilingual aphasia examina-

tion. AJA Associates, Iowa City

. Botez-Marquard T, Botez MI (1997) Olivopontocerebellar

atrophy and Friedreich’s ataxia: neuropsychological conse-
quences of bilateral versus unilateral cerebellar lesions. Int Rev
Neurobiol 41:387-410

. Broe GA, Jorm AF, Creasey H, Grayson D, Edelbrock D,

Waite LM, Bennett H, Cullen JS, Casey B (1998) Impact of
chronic systemic and neurological disorders on disability,
depression and life satisfaction. Int ] Geriatr Psychiatry
13:667-673

Chung SC, Lee BY, Tack GR, Lee SY, Eom ]S, Sohn JH (2005)
Effects of age, gender, and weight on the cerebellar volume of
Korean people. Brain Res 1042:233-235

Daum I, Ackermann H, Schugens MM, Reimold C, Dichgans J,
Birbaumer N (1993) The cerebellum and cognitive functions in
humans. Behav Neurosci 107:411-419

Double K, Halliday GM, Kril JJ, Harasty J, Cullen K, Brooks W,
Creasey H, Broe G (1996) Topography of brain atrophy during
normal aging. Neurobiol Aging 17:513-521

Escalona PR, McDonald WM, Doraiswamy PM, Boyko OB,
Husain MM, Figiel GS, Laskowitz D, Ellinwood EH, Krishnan
KR (1991) In vivo stereological assessment of human cerebellar
volume: effects on gender and age. Am ] Neuroradiol 12:927-
929

Esiri MM, Hyman BT, Beyreuther K, Masters CL (1997) Ageing
and dementia. In: Graham D, Lantos PL (eds) Greenfield’s
neuropathology. Arnold, London, pp 153-233

Fiez JA, Raife EA, Balota DA, Schwarz JP, Raichle ME, Petersen
SE (1996) A positron emission tomography study of the short-
term maintenance of verbal information. ] Neurosci 16:808-822
Grafman J, Litvan I, Massaquoi S, Stewart M, Sirigu A, Hallet M
(1992) Cognitive planning deficit in patients with cerebellar
atrophy. Neurology 42:1493-1496

Hanes KR (1997) New Tower of London, 2nd ed. Vanguard,
Carlton

Harper CG, Kril JJ (1990) Neuropathology of alcoholism.
Alcohol Alcohol 25:207-216

Hommer DW, Momenan R, Kaiser E, Rawlings RR (2001)
Evidence for a gender-related effect of alcoholism on brain
volumes. Am ] Psychiatry 158:198-204

Jernigan TL, Archibald SL, Fennema-Notestine C, Gamst AC,
Stout JC, Bonner J, Hesselink JR (2001) Effects of age on tissues
and regions of the cerebrum and cerebellum. Neurobiol Aging
22:581-594

Johnson-Greene D, Adams KM, Gilman S, Kluin KJ, Junck L,
Martorello S, Heumann M (1997) Impaired upper limb coor-
dination in alcoholic cerebellar degeneration. Arch Neurol
54:436-439

Kaplan EF, Goodglass J, Weintraub S (1983) The Boston
naming test, 2nd ed. Lea & Febiger, Philadelphia

Karhunen PJ, Erkinjuntti T, Laippala P (1994) Moderate alcohol
consumption and loss of cerebellar Purkinje cells. Brit Med J
308:1663-1667

Kaye K, Grigsby J, Robbins L], Korzun B (1990) Prediction of
independent functioning and behavior problems in geriatric
patients. ] Am Geriatr Soc 38:1304-1310



25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Kril JJ, Halliday GM (1996) Brain shrinkage in alcoholics: a
decade on and what have we learned? Prog Neurobiol 58:381-387
Luft AR, Skalej M, Welte D, Voigt K, Klockgether T (1997) Age
and sex do not affect cerebellar volume in humans. Am ]
Neuroradiol 18:593-596

Mann K, Gunther A, Schroth G (1992) Do women develop
alcoholic brain damage more readily than men? Alcohol Clin
Exp Res 16:1052-1056

Miller EN (1996) CalCAP California computerized assessment
package manual. Norland Software, Los Angeles

National Health and Medical Research Council (2001) Australian
alcohol guidelines: Health risks and benefits. Commonwealth of
Australia, Canberra. Available online: www.nhmrc. gov.au
Odenheimer G, Funkenstein HH, Beckett L, Chown M, Pilgrim
D, Evans D, Albert M (1994) Comparison of neurologic changes
in “successfully aging” persons vs the total aging population.
Arch Neurol 51:573-580

Orgogozo JM, Dartigues JF, Lafont S, Letenneur L, Commenges
D, Salamon R, Renaud S, Breteler MB (1997) Wine consump-
tion and dementia in the elderly: a prospective community
study in the Bordeaux area. Rev Neurol 153:185-192

Paradiso S, Andreasen NC, O’Leary DS, Arndt S, Robinson RG
(1997) Cerebellar size and cognition: correlations with IQ,
verbal memory and motor dexterity. Neuropsych Neuropsychol
Behav Neurol 10:1-8

Paulesu E, Frith CD, Frackowiak RS (1993) The neural corre-
lates of the verbal component of working memory. Nature
362:342-345

Petersen SE, Fox PT, Posner MI, Mintun M, Raichle ME (1988)
Positron emission tomographic studies of the cortical anatomy
of single word processing. Nature 362:585-589

Phillips SC, Harper CG, Kril JJ (1987) A qualitative histological
study of the cerebellar vermis in alcoholic patients. Brain
110:301-314

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

51

Phillips S, Harper C, Kril J (1990) The contribution of Wer-
nicke’s encephalopathy to alcohol-related cerebellar damage.
Drug Alcohol Rev 9:53-60

Raz N, Rodrigue KM, Kennedy KM, Dahle C, Head D, Acker JD
(2003) Differential age-related changes in the regional meten-
cephalic volumes in humans: a 5-year follow-up. Neurosci Lett
349:163-166

Rhyu IJ, Cho TH, Lee NJ, Uhm C, Kim H, Suh Y (1999) Mag-
netic resonance image-based cerebellar volumetry in healthy
Korean adults. Neurosci Lett 270:149-152

Ruitenberg A, van Swieten JC, Witteman JC, Mehta KM, van
Duijn CM, Hofman A, Breteler MMB (2002) Alcohol con-
sumption and risk of dementia: the Rotterdam Study. Lancet
359:281-286

Spreen O, Strauss E (1991) A compendium of neuropsycho-
logical tests. Oxford University Press, New York

Waite LM, Broe GA, Creasey H, Grayson DA, Cullen JS, O’Toole
B, Edelbrock D, Dobson M (1997) Neurodegenerative and other
chronic disorders among people aged 75 years and over in the
community. Med ] Austr 167:429-432

Waite LM, Broe GA, Grayson DA, Creasey H (2001) Preclinical
syndromes predict dementia: the Sydney Older Persons Study. ]
Neurol Neurosurg Psychiatry 71:296-302

Waite LM, Creasey H, Grayson DA, Edelbrock D, Cullen JS,
Brooks WS, Casey BJ, Bennett HP, Broe GA (2001) Clinical
diagnosis and disability among community dwellers aged 75
and over: The Sydney Older Persons Study. Australas ] Ageing
20:67-72

Wechsler D (1987) Wechsler memory scale—revised. Psycho-
logical Corporation, New York

Woodruff-Pak DS, Goldenberg G, Downey-Lamb MM, Boyko
OB, Lemieux SK (2000) Cerebellar volume in humans related to
magnitude of classical conditioning. Neuroreport 11:609-615



	Sec1
	Sec2
	Tab1
	Tab2
	Fig1
	Sec3
	Tab3
	Tab4
	Sec4
	Tab5
	Ack
	Bib
	CR1
	CR2
	CR3
	CR4
	CR5
	CR6
	CR7
	CR8
	CR9
	CR10
	CR11
	CR12
	CR13
	CR14
	CR15
	CR16
	CR17
	CR18
	CR19
	CR20
	CR21
	CR22
	CR23
	CR24
	CR25
	CR26
	CR27
	CR28
	CR29
	CR30
	CR31
	CR32
	CR33
	CR34
	CR35
	CR36
	CR37
	CR38
	CR39
	CR40
	CR41
	CR42
	CR43
	CR44
	CR45

