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ABSTRACT
Objectives: To investigate whether the metabolically
important visceral adipose tissue (VAT) relates
differently to structural and functional brain changes in
comparison with body weight measured as body mass
index (BMI). Moreover, we aimed to investigate
whether these effects change with age.
Design: Cross-sectional, exploratory.
Setting: University Clinic, Integrative Research and
Treatment Centre.
Participants: We included 100 (mean BMI=26.0 kg/
m², 42 women) out of 202 volunteers randomly invited
by the city’s registration office, subdivided into two age
groups: young-to-mid-age (n=51, 20–45 years of age,
mean BMI=24.9, 24 women) versus old (n=49,
65–70 years of age, mean BMI=27.0, 18 women).
Main outcome measures: VAT, BMI, subcutaneous
abdominal adipose tissue, brain structure (grey matter
density), functional brain architecture (eigenvector
centrality, EC).
Results: We discovered a loss of cerebellar structure
with increasing VAT in the younger participants, most
significantly in regions involved in motor processing.
This negative correlation disappeared in the elderly.
Investigating functional brain architecture showed again
inverse VAT–cerebellum correlations, whereas now
regions involved in cognitive and emotional processing
were significant. Although we detected similar results
for EC using BMI, significant age interaction for both
brain structure and functional architecture was only
found using VAT.
Conclusions: Visceral adiposity is associated with
cerebellar changes of both structure and function,
whereas the regions involved contribute to motor,
cognitive and emotional processes. Furthermore, these
associations seem to be age dependent, with younger
adults’ brains being adversely affected.

ARTICLE SUMMARY
Article focus
▪ The brain is the key organ for the regulation of
energy homeostasis.
▪ The distribution of excess energy within different
fat depots rather than body weight per se determines healthy outcomes.
▪ Yet it is unclear as to whether the brain relates to
visceral fat storage, and how this depends on
the individual’s age.

Key messages
▪ Visceral adipose tissue correlates negatively with
cerebellar changes of both structure and
function.
▪ These associations are age-dependent, with
younger adults’ brains being adversely affected.
▪ Cerebellar dynamics suggest approaches to
address health issues related to visceral fat
storage.

Strengths and limitations of this study
▪ (−) This study followed an exploratory approach
within a cohort study.
▪ (−) We did not have access to laboratory data as
further covariates.
▪ (−) We cannot entirely exclude drug side effects
affecting the resting state data especially in older
subjects.
▪ (+) We assessed abdominal fat distribution directly using MRI.
▪ (+) We found a regional overlap within the structural and the functional brain data.

INTRODUCTION
Excess body fat is one of the major health
challenges worldwide. The way a human
organism approaches energy abundance
affects numerous health outcomes, in
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and whether these changes are age dependent. We
chose MR-based fat quantiﬁcation because it is thus far
the only technique that allows direct, radiation-free
assessment of intra-abdominal fat depots, and therewith
abdominal fat distribution. This exploratory study
describes an age-dependent, inverse correlation between
intra-abdominal adiposity and regions of the cerebellum
involved in motor, emotional and cognitive processing
that was not detectable using the BMI.
MATERIALS AND METHODS
Study population
We investigated 100 adults out of Leipzig‘s LIFE-study
(Germany). The LIFE-study is a prospective, longitudinal, population-based cohort study that intends to
investigate molecular causes of environmental and
lifestyle-associated diseases such as the metabolic syndrome, pancreatitis and dementia in 10 000 volunteers
in the greater Leipzig region. Our study question arose
before inspection of the data. For our analysis, we used
datasets obtained between May 2011 and January 2012
(n=202). Within this cohort, we primarily included all
participants deﬁned as young-to-mid-age subjects, that is,
between 20 and 45 years of age (n=51; mean BMI=24.9,
range=17.2–34.6; 24 women). We compared this group
to an older sample set (aged 65 and 70 years, n=49;
mean BMI=26.9, range=20.3–35.9; 18 women) to investigate potential age-related effects. Written informed
consent was obtained from every individual. Permission
was obtained by the local ethics committee
(263-2009-14122009). The study design was in accordance with the Declaration of Helsinki. At least 3 days
prior to investigation, subjects received written and
verbal instructions to refrain from substances such as
coffee, tea and drugs in order to avoid brain data being
affected by side effects induced by these substances.
Anthropometric measures
Body weight and height were measured prior to MR
investigation to the nearest of 0.1 cm using a stadiometer
and a digital balance.
MR methods
All MRI examinations were performed on a 3-Tesla
Magnetom Verio scanner (Siemens, Erlangen,
Germany) equipped with a 32-channel head array coil.
The body coil was used as the transmit–receive coil for
abdominal MRI scans.
Brain: data acquisition
Anatomic T1-weighted images were acquired using a
three-dimensional
Magnetization-Prepared
Rapid
Gradient Echo (MPRAGE) sequence.19 The Alzheimer’s
Disease Neuroimaging Initiative (ADNI) standard protocol was used with the following parameters: TI 900 ms,
TR 2300 ms, TE 2.98 ms, ﬂip angle 9°, band width
240 Hz/pixel, image matrix 256×240, 176 partitions,
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particular cardiovascular diseases, type 2 diabetes and
several cancer diseases.1 As medical treatment of obesity
has been largely unsuccessful, the substantial rise in the
prevalence of obesity might actually cause life expectancy
to level off or even decline until 2050.2
On the biomolecular level, rising body weight is a
complex phenomenon that is still not fully understood.3
On the individual level, it might most suitably be treated
as a gene–environment interaction.4 Besides the general
shift towards greater body weight observed during the
past 30 years, two more speciﬁc, body-weight-related
aspects have drawn attention, namely (1) the
age-related, weight-independent change of body composition with fat replacing lean mass5 6 and (2) the
impact of abdominal fat distribution (AFD) with visceral
adipose tissue (VAT) primarily affecting metabolic outcomes.3 7 8 Yet an integrative inquiry into both processes
has so far not been made. Even though it has been
assumed that central defects in energy balance may
cause visceral adiposity to rise with age,9 it is not clear as
to whether or how neuronal mechanisms might interact
with age-related, weight-independent visceral adiposity.
The brain is a key organ for the regulation of energy
homeostasis. Its respective output originates from the
subconscious integration of homeostatic control mainly
located in the hypothalamus, and ‘non-homeostatic’ circuits located in extra-hypothalamic structures.10 11 These
processes ultimately ensure a body weight that is remarkably stable throughout the adult lifespan.11 12 Recent
advances in imaging modalities revealed that in humans,
body weight is associated with changes of regional brain
structure, functional connectivity and goal-directed
behaviour.13–16 These ﬁndings, however, are often nonhomogeneous with respect to the correlations’ quality.
Beside cohort- and method-related inconsistencies, one
limitation may be the usage of a common adiposity
index—almost exclusively the body mass index (BMI)—
regardless of population-speciﬁc variables such as
gender, age or degree of adiposity and leisure-time physical activity.6 Furthermore, studies that investigated the
associations between body fat distribution as well as
overall adiposity and structural or functional brain
changes are rare. To the best of our knowledge, only a
single very recent study examines the effects of both the
BMI and the waist circumference on local grey matter
volume.17 Yet, since anthropometry is unable to reliably
estimate AFD,18 a key contributor to body weight-related
phenomena has so far been hardly considered in
human brain studies.
Thus, in order to better understand the complex relationship between body weight, ageing, gender, AFD and
the brain, we applied both structural and
task-independent functional brain MRI as well as
MR-based abdominal fat quantiﬁcation to 100 adults
subdivided into two age groups (20–45 and 65–70 years
of age). We asked whether the metabolically important
VAT relates differently to structural and functional brain
changes compared to overall adiposity measured as BMI,
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Brain: data analysis
Structural T1-weighted images were processed with the
VBM8 toolbox (dbm.neuro.uni-jena.de/vbm.html) using
SPM8 (Wellcome Trust Centre for Neuroimaging, UCL,
London, UK) and Matlab 7 (Mathworks, Sherborn,
Massachusetts, USA). Preprocessing included bias-ﬁeld
correction, segmentation and normalisation to the standard Montreal Neurological Institute space including
modulation to account for local compression and expansion during transformation in order to obtain grey matter
density (GMD) images. Subsequently, images were
smoothed with a Gaussian kernel of 8 mm full-width at
half-maximum (FWHM). Voxel-wise statistical analyses
were performed for both age groups separately and—in
addition—using a full factorial design investigating the
interaction between the factors age and VAT. In all analyses, subcutaneous adipose tissue (SAT), gender and
total grey matter volume were used as additional covariates in the general linear model. In addition, we repeated
the full factorial analysis using a classiﬁcation of (1) deep
white matter lesions according to Fazekas’s rating
scale23 24 and (2) the abdominal data quality as additional covariates. This, however, did not lead to different
results. Furthermore, we repeated the analysis using the
BMI as an additional covariate in order to investigate for
the weight-independent visceral adiposity. This also did
not lead to different results. In all analyses, clusters were
obtained using a voxel-threshold of p<0.005. In order to
control for false positives, a minimum cluster size threshold of k>500 was applied. Clusters were considered to be
signiﬁcant using a family-wise error (FWE) corrected
p<0.05. Signiﬁcant clusters were investigated using the
SPM Anatomy toolbox.25 26
The analysis of the resting state data was performed with
99 subjects because functional data were not available for a
single subject belonging to the young-to-mid-age group.
Preprocessing of the task-independent fMRI data was performed using SPM8 including estimation and correction
for motion and EPI deformation. Thereafter, the highresolution anatomical image of the same subject was
(intraindividually) co-registered with the functional
images, and normalisation was performed using the
uniﬁed segmentation approach.27 After normalisation, the
resulting voxel size of the functional images was

interpolated to an isotropic voxel size of 3×3×3 mm3. In
the ﬁnal step of the preprocessing, the functional images
were smoothed using a Gaussian smoothing kernel of
8 mm FWHM. Eigenvector centrality (EC) mapping was
performed using the LIPSIA software package.28 29 EC
analysis was performed on the individual subject level for
the entire brain using a similarity matrix based on Person’s
correlation coefﬁcient. In order to use a similarity matrix
with only positive numbers, a value of 1 was added to all
matrix entries before computing the EC. Similar to the
VBM analyses, statistical analyses were performed for both
age groups separately and—in addition—using a full factorial design investigating the interaction of the factors age
and VAT. In all analyses, SAT and gender were taken into
account using additional covariates in the general linear
model. In addition, we repeated the full factorial analysis
including (1) a classiﬁcation of deep white matter lesions
according to Fazekas’s rating scale,23 24 and (2) the
abdominal data quality as additional covariates. This,
however, did not lead to different results. Furthermore, we
also repeated the full factorial analysis using the BMI as an
additional covariate in order to investigate for the weightindependent visceral adiposity. This also did not lead to
different results. In all analyses, clusters were obtained
using a voxel threshold of p<0.005. In order to control for
false positives, a minimum cluster size threshold of k>200
was applied. Clusters were considered to be signiﬁcant
using an FWE-corrected p<0.05.
Abdomen: data acquisition
MR imaging for the determination of AFD30 was performed by using an axial T1-weighted fast spin-echo
technique with the following parameters: TE=18 ms/
TR=520 ms, echo train length 7; slice thickness 5 mm,
5-mm gap between slice. Scanning matrix 320×306 (no
partial Fourier); ﬁeld of view 500 mm×375mm, ﬁnal
voxel size 1.6 mm×1.6 mm×5.0 mm, water saturation.
Since ﬁeld inhomogeneities are more likely at 3 T, we
tested the usage of a dielectric pad to improve ﬁeld
homogeneity before the actual study started. This,
however, turned out to be unnecessary based on the
image quality provided by the scanner; besides, signal
weaknesses were not signiﬁcantly improved using such a
pad. In order to avoid breathing artefacts, the participants were asked to hold their breath for a period of
18 s each, wherein ﬁve slices were recorded. From our
experience, this duration was tolerated well if the individual was capable of holding breath at all. The table
shift after each acquisition was 5 cm, and images were
recorded in feed-to-head direction beginning 10 cm
below the umbilicus and ﬁnishing in the liver region
with a total acquisition time of approximately 10 min.
Volunteers were imaged in the supine position with
their arms folded upon their chest.
Abdomen: data analysis
The four lower stacks—that is, 20 consecutive slices—
were included and therewith deﬁned the abdominal
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FOV 256×240×176 mm3, sagittal orientation, 1
average.20 21 Voxel size 1×1×1 mm³, no interpolation.
Task-absent (‘resting state’) fMRI data using a
gradient-echo echo-planar imaging (EPI) sequence were
acquired under eyes-closed condition. The following
parameters were used: 300 whole brain volumes, acquisition matrix=64×64, slice thickness=4 mm (0.8 mm gap),
30 slices, TR=2000 ms, TE=30 ms, ﬂip angle=90° and
bandwidth=1954 Hz/pixel. The total time for the
resting-state fMRI session for each subject was approximately 10 min. A ﬁeld map with the same resolution as
the EPI sequence was collected to correct for geometric
distortion due to B0 ﬁeld inhomogeneities.22
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RESULTS
Study population
In order to compare potential associations of body mass
index (BMI) and VAT with brain structure (GMD) and
functional brain connectivity (EC), and whether these
are age-dependent, we examined 100 subjects (BMI
range=17.2–35.9) subdivided into two age groups (table 1).
GMD decreased signiﬁcantly with age across the whole

brain (data not shown). Note that although the BMI was
not signiﬁcantly lower in young-to-mid-age subjects, older
participants showed greater VAT.
Age-dependent negative correlation between VAT and
GMD in the cerebellum
We began by investigating whether BMI and VAT correlate with whole-brain GMD in the group of 20-year-old to
45-year-old subjects. We found that increasing body
weight was associated with reduced GMD in the right
dorsolateral prefrontal cortex (DLPFC) as well as
regions of the left parietal cortex (data not shown). In
contrast, VAT correlated negatively with GMD in both
hemispheres of the cerebellum (ﬁgure 1, ﬁrst row).
Local maxima were assigned to lobule V and VI (Hem)
using the SPM Anatomy toolbox. In order to investigate
gender inﬂuences, we repeated the analysis for women
and men separately. Although we detected signiﬁcant
associations in men only, a gender interaction was not
signiﬁcant. Hence, we were not able to ﬁnd gender differences with respect to the negative correlation
between VAT and GMD in the cerebellum in our subgroup of young-to-mid-age adults.
We next set out to investigate whether the negative
correlation between VAT and the cerebellum’s GMD
which was observable in young-to-mid-age adults also
occurred in older subjects. Therefore, we examined the
65-year-old to 70-year-old participants within a separate
analysis. Here, however, we were not able to show a signiﬁcant correlation between VAT and GMD in the
cerebellum.
Finally, in order to investigate the difference between
both age groups respecting the correlation between
GMD and VAT, we performed a statistical analysis with all
subjects using a full factorial model implementing VAT
and age as two factors. This VAT–age interaction—that
is, the correlation’s difference between the two age
groups—turned out to be signiﬁcant in the cerebellum
(ﬁgure 1, rows 2–4), indicating that the association of
greater VAT and reduced GMD in the cerebellum disappeared in older subjects. Using the SPM Anatomy
toolbox, local maxima were again assigned to lobule V
and VI (Hem). For illustration, a dot-plot displays this
interaction within the left cerebellum (ﬁgure 2, left).
In both age groups we were not able to ﬁnd signiﬁcant
positive correlations between BMI or VAT and GMD.

Table 1 Characteristics of the study population*
Age (years)
BMI (kg/m²)
SAT (ml)
VAT (ml)
AAT (ml)
VAT/AAT

Cohort (n=100, 58 men)

Young (n=51, 26 men)

Old (n=49, 32 men)

51.7 ± 16.4
26.0 ± 3.6
3420.5 ± 1724.2
1887.0 ± 1258.2
5654.8 ± 2186.3
0.33±0.13

36.6 ± 6.9
25.0 ± 3.3
3353.8 ± 1410.7
1169.3 ± 784.0
4523.0 ± 1787.8
0.25±0.11

67.5 ± 1.5
27.0 ± 3.5
4079.5 ± 1462.7
2753.2 ± 1010.4
6832.7 ± 1937.1
0.40±0.10

p Value
<0.001
n.s.
<0.001
<0.001
<0.001
<0.001

*Data are mean±SD.
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region in our analysis. By that, we ensured that the
umbilical region was included, but adipose tissue
beyond the diaphragm was excluded in every participant. Since even single-slice investigations usually
located on the umbilical region allow sufﬁcient examination of abdominal adipose tissue distribution in both
genders, we consider our approach as being appropriate.
Yet, it does not allow drawing conclusions about wholebody fat; this; however, was not the scope of our study
because metabolic effects are primarily related to
abdominal fat distribution. Image analysis was conducted on a separate workstation by a single observer
with 2 years of experience in MR-based fat quantiﬁcation
using an ImageJ (Rasband, 2004; V.1.45s11; available at
http://rsbweb.nih.gov/ij/download.html) macro that
quantiﬁed fat pixels semi-automatically and histogrambased (methodical paper in preparation). In short, to
ensure highest possible anatomical accuracy, the segmentation algorithm followed a four-step approach that
included automated operations such as basic morphology, Active Contours and interpolation, as well as
manual circumscription of the visceral cavity on the
stacks’ initial images; conventional automated thresholding binarised the image to separate fat from non-fat
tissue. Adipose tissue volumes were calculated as the
sum of fat pixels×slice thickness (ie, slice+gap) and corrected for body length to adjust the abdominal region
for the individual‘s stature. VAT was deﬁned as the
adipose tissue within the abdominal cavity; SAT was
deﬁned as the adipose tissue between the skin and the
musculoskeletal interlayer built by the hips, the rips and
abdominal as well as intercostal muscles. Intermuscular
adipose tissue was excluded from analysis. Signal weaknesses within the adipose tissue were left unadjusted in
order to minimise human error. Total image analysis
required around 4 min per dataset.

Abdominal fat distribution and brain changes

Age-dependent negative correlation between VAT and EC
in the cerebellum
Next we investigated whether the degree of connectivity
(ie, the EC) within the brain is associated with VAT in
young-to-mid-age adults. A higher amount of VAT was

DISCUSSION
This exploratory study describes an age-dependent
inverse correlation of GMD and functional brain connectivity with intra-abdominal adiposity in 100 adults
using voxel-based morphometry, task-independent fMRI,
anthropometry and abdominal MRI. We are able to
show that visceral fat correlates negatively and BMI independently with the cerebellum’s structure and functional connectivity in 20-year-old to 45-year-old subjects,
and that this association is different in older people. To
our knowledge, this is the ﬁrst study that links cerebellar
dynamics with abdominal fat distribution. Hence, this
discussion will focus on bringing this ﬁnding into
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Figure 1 Negative correlation between grey matter density
(GMD) and visceral adipose tissue (VAT). Analyses were
performed using a correlational model including the sample of
young-to-mid-age adults only (first row), and using a full
factorial model including all subjects (rows 2–4). The
correlation analysis within the younger subgroup showed a
higher amount of VAT associated with a decrease of GMD in
the cerebellum bilaterally (first row, colour-coded in yellow).
Sex, age, subcutaneous adipose tissue and the total amount
of grey matter volume were taken into account using
additional covariates in the statistical analysis. Note that we
did not find a significant positive correlation between GMD
and VAT in the whole brain in the younger subgroup. Within
the interaction model, the negative correlation between GMD
and VAT was again present bilaterally in the cerebellum in the
young-to-mid-age adults (second row); this correlation was not
revealed for the older subjects (third row). The difference
between both groups (the VAT–age interaction) turned out to
be significant (fourth row). No significant positive correlation
between GMD and VAT was found within both groups of
young-to-mid-age as well as older subjects. Significant
clusters are shown with a voxel threshold of p<0.005. In order
to control for false positives, significant clusters are shown
with a minimum cluster size of k>500. Using a family wise
error corrected p<0.05, all clusters remained significant except
for the cluster in the left cerebellum within the
young-to-mid-age adults (first row), which was significant
using the false discovery rate.

accompanied with a decreased EC in the cerebellum
(local maxima assigned to lobule VI (Hem) and VIIa
Crus I and II (Hem)) as well as regions of the left posterior temporal and parietal lobe (ﬁgure 3, ﬁrst row).
Notably, with lobule VI we found a regional overlap
within the structural and the functional data.
Furthermore, we observed a positive correlation between
VAT and EC in the cingulate cortex (data not shown).
In addition, we investigated whether negative correlations between EC and VAT were present in the
65-year-old to 70-year-old subjects. In this group, VAT was
negatively correlated with EC in regions of primary
motor functions; this was not detectable in
young-to-mid-age subjects (ﬁgure 4). Yet we did not ﬁnd
a signiﬁcant correlation between VAT and EC in the
cerebellum.
Finally, we investigated the difference between both
age groups respecting the negative correlation between
EC and VAT using all subjects within a full factorial
design. The age groups differed signiﬁcantly with
respect to the negative correlation between VAT and EC
in the cerebellum (ﬁgure 3, rows 2–4), suggesting that
the association of increased VAT and reduced connectivity in the cerebellum is age-dependent. This result was
even present when correcting for multiple comparisons.
For illustration, a dot-plot displays this interaction within
the left cerebellum (ﬁgure 2, right).
In order to investigate whether the BMI provides
similar results compared to the VAT, we repeated the full
factorial analysis using the BMI instead of VAT. Even
though we found a negative correlation between BMI
and EC within the cerebellum in the younger subjects
(ﬁgure 5, top row), the difference between both age
groups was signiﬁcant only when using an uncorrected
voxel threshold (ﬁgure 5, bottom row). Hence, VAT
appears to be more sensitive to detect changes in functional connectivity than the BMI in our cohort of participants being overweight and slightly obese. This is
reﬂected also by the peak T-values of the interaction
contrast: using VAT, the peak T-values for the left and
right cerebellum were 4.60 and 4.63, respectively; using
BMI, the peak T-values for the left and right cerebellum
were 3.36 and 3.09, respectively.

Abdominal fat distribution and brain changes

perspective with present knowledge about weight gain
and the brain.
Although studies have attempted to estimate the
amount of VAT using anthropometric measures such as
the BMI or the waist circumference, signiﬁcant degrees
of residua usually disable the effective prediction of
abdominal fat distribution. It is likely that with a cohort
of participants who are overweight and slightly obese,
processes related to alterations of VAT might interact
below a threshold necessary for the BMI to detect
changes. This is emphasised in ﬁgure 6, which illustrates
two male participants out of our cohort who had identical BMI as well as similar age and body height, but considerable differences in both absolute and relative VAT
volumes. One limitation of abdominal MRI so far,
however, is the inability to provide information beyond
fat area or volume, for instance adipocyte cell size and
number, triglyceride content or inﬂammatory status. For
that, adipose tissue biopsies would have been necessary.
Further limitations of this study are (1) as a crosssectional study we did not have access to retrospective
BMI data that allowed the inclusion of former body
weight development into the analysis; (2) we did not
have access to laboratory data as further covariants; and
(3) we cannot entirely exclude drug side effects affecting
the resting state data especially in older subjects,
although the participants were asked to refrain from
taking medication that would confound the experiment
as well as coffee and tea prior to the investigation.
Our ﬁnding of reduced cerebellar GMD with increasing intra-abdominal fat is consistent with studies that
mentioned comparable effects using the BMI13 16 31 and
the waist circumference.17 Furthermore, the current
understanding of cerebellar functions covers not only
6

motor but also cognitive processes.32 Moreover, the cerebellum shows greater glucose metabolism as well as
greater decrease of cerebral blood ﬂow following satiation in obese subjects and seems to be involved in the
neurobiology of obesity as well as structurally affected by
leptin changes.33–36 Interestingly, the cerebellum
expresses the Fto gene, which has been shown to be
associated with both overall obesity and—very recently—
VAT.37–39 Yet, to our knowledge, no study reported on
impaired functional connectivity with increasing abdominal adiposity. Moreover, although several studies showed
positive gender-dependent correlations between the
BMI and regional brain structure,13 14 31 we and
others17 were not able to ﬁnd such associations. We attribute these controversial ﬁndings to cohort- and
MRI-related methodical differences such as age, BMI
range, as well as the data-processing conditions, acquisition protocols and head-array coils used.40–42
In the context of weight gain-associated brain
changes, physical activity plays an important role in both
directions. A relative lack of physical activity is considered as one key contributor for the increase of obesity
prevalence.1 Abdominal adiposity in particular seems to
be attributed to physical activity, whereas the effects on
intra-abdominal adipose tissue are probably more pronounced compared to subcutaneous fat.43 44 Moreover,
physical activity counters weight loss-induced metabolic
adaptions that facilitate weight regain45 and reorganises
the set point of nutritional balance.46 As cerebellar
cortex and hippocampal dentate gyrus show enhanced
synaptogenisis and neurogenisis in response to exercise
training,47 48 one may assume that a lack of physical
activity contributes to both visceral adiposity and cerebellar brain changes. This appears to be conﬁrmed by our
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Figure 2 Interaction between the factors visceral adipose tissue (VAT) and age in the left cerebellum with changes of grey
matter density (GMD, left plot) and eigenvector centrality (EC, right plot). The young-to-mid-age participants are shown with violet
dots; older participants are shown in green colour. Circles with black edge show the fitted GMD/EC values with computing the
interaction between VAT and age; the smaller dots show the normalised GMD/EC values including the error term of the general
linear model. Thus, the dots show original GMD/EC values adjusted for confounds that were used in the model.
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analysis’ local maxima being assigned to cerebellar
regions likely involved in sensorimotor tasks (ie, lobule
V and VI).49 We also found reduced functional connectivity between the cerebellar lobules VI and VII—latter
likely involved in prefrontal–cerebellar loops and emotional processing—and the primary motor cortex in
older subjects. Notably, lobule VI, which is supposed to
be involved in numerous processes such as sensorimotor
tasks, language, executive functions and emotional processing,49 was identiﬁed within both the structural and
the functional analysis. Our ﬁndings thereby underscore

an interdependency of physical activity, abdominal fat,
cognitive function and cerebellar brain changes.
The adipocyte-derived hormone leptin may provide
further explanations for the negative VAT–cerebellum
correlation. Leptin is predominantly produced in white
SAT, messages the switch between the starved and fed
states and serves as an essential factor for the development of leptin-sensitive, hypothalamic feeding circuits.50 51 Its signal is conveyed via the long isoform of
leptin receptors (Ob-Rb). This receptor’s mRNA was
shown to be present in the cerebellum.52 53 Moreover,
Ob-Rb mRNA levels in both rodents and humans
exceed all other tissues investigated, including the hypothalamus.54 55 Leptin itself exercises neuroprotective
and neuritogenic effects onto cerebellar Purkinje cells
and axons and its plasma concentrations correlate positively with cerebellar GMD.56 57 Furthermore, the cerebellum showed plasticity in response to leptin
Interestingly,
direct
cerebelloreplacement.58
hypothalamic projections from the fastigial and the
interpositus cerebellar nucleus appear to modulate
hypothalamic cell populations that are either glycaemiasensitive or vagal-receptive.59 60 These ﬁndings raise the
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Figure 3 Negative correlation between eigenvector centrality
(EC) and visceral adipose tissue (VAT). Analyses were
performed using a correlational model including the sample of
young-to-mid-age adults only (first row), and using a full
factorial model including all subjects (rows 2–4). The
correlation analysis within the younger subgroup showed a
higher amount of VAT associated with a reduced connectivity
of the cerebellum with other brain regions (first row,
colour-coded in yellow). Sex and subcutaneous adipose
tissue were modelled using additional covariates in the
statistical design. Within the interaction model, the negative
correlation between EC and VAT in the cerebellum was again
present bilaterally in the cerebellum in the young-to-mid-age
adults (second row); this correlation was not revealed for the
older subjects (third row). The difference between both groups
(the VAT–age interaction) turned out to be significant (fourth
row). Significant clusters are shown with a voxel threshold of
p<0.005. In order to control for false positives, significant
clusters are shown with a minimum cluster size of k>200. All
remaining clusters were significant using a family-wise error
corrected p<0.05.

Figure 4 Negative correlation between eigenvector centrality
(EC) and visceral adipose tissue (VAT). Results are shown
provided by a full factorial model (VAT–age interaction)
including all subjects. In the group of old subjects, a
significant negative EC–VAT correlation was obtained
predominantly in regions of primary motor functions (second
row, colour-coded in yellow). This correlation was not
observable in the group of young-to-mid-age adults (first row).
The difference between both groups (the VAT–age interaction)
was significant showing the age-related specificity of this
VAT–age interaction. Clusters were reported using a voxel
threshold of p<0.005. In order to control for false positives,
significant clusters are shown with a minimum cluster size of
k>200. Those clusters were significant using a family-wise
error corrected p<0.05.

Abdominal fat distribution and brain changes

possibility that leptin inﬂuences the development of
cerebellar structures that actively participate in (shortterm) feeding regulation via cerebello-hypothalamic projections. Since leptin concentrations are mainly determined by SAT,61 which strengthened our model as a
covariate, higher susceptibility to store energy within the
VAT could be related to leptin levels relatively deﬁcient
to support the development of cerebellar projections
that inﬂuence homeostatic mechanisms in the hypothalamus. On the other hand, cerebellar processes might

Figure 6 Example of abdominal fat segmentation. Abdominal fat distribution differs in two male participants of similar age (68
vs 70 years of age) and identical body mass index (BMI, 27.4 kg/m²) with visceral adipose tissue (VAT) 2.86 vs 4.16l,
subcutaneous adipose tissue (SAT) 3.95 vs 3.73l, and VAT/(VAT+SAT) 0.42 vs 0.53 for the left versus the right subject,
respectively. The surface values for the single umbilical slice shown revealed even greater differences in abdominal fat
distribution (VAT/(VAT+SAT) 0.35 vs 0.57). Note that greater amount of lean mass in the left subject probably accounts for the
identical BMI.

8

Raschpichler M, Straatman K, Schroeter ML, et al. BMJ Open 2013;3:bmjopen2012001915. doi:10.1136/bmjopen-2012-001915

BMJ Open: first published as 10.1136/bmjopen-2012-001915 on 24 January 2013. Downloaded from http://bmjopen.bmj.com/ on January 8, 2023 by guest. Protected by copyright.

Figure 5 Negative correlation between eigenvector centrality
(EC) and body mass index (BMI). Analyses were performed
using a full factorial model (BMI–age interaction) including all
subjects. In the group of young-to-mid-age adults, a higher
BMI was associated with a decreased EC in the cerebellum
bilaterally (top row, colour-coded in yellow). This correlation
was not shown within the group of old subjects. The
difference between both age groups, however, was not
significant with correcting for multiple comparisons. Results
are shown using a voxel threshold of p<0.005. Note that using
visceral adipose tissue instead of BMI, a significant difference
between both age groups can be shown using family-wise
error correction (see figure 2).

actually be involved in the distribution of adipocytes into
visceral or subcutaneous fat depots.
One of our key ﬁndings was a signiﬁcant VAT–age
interaction for cerebellar structure and connectivity. The
human brain shrinks with age, and this shrinkage is differential and selective,62 whereas both cerebellar grey
and white matter show accelerated structural decrease.63
Moreover, age-dependent changes in relaxation times as
well as individual factors such as dehydration affect the
MR acquisition of structural brain data and could
account for the signiﬁcant VAT–age interaction respecting older subjects.64–66 Furthermore, since fat replaces
fat-free mass by degrees with rising age, brain structures
have likely been affected prior to the age of 65. This
study’s exploratory and cross-sectional design does not
enable to investigate these aspects. Nevertheless, our
ﬁndings might indicate differential VAT–brain associations in young-to-mid-age compared to older subjects.
Recently, a negative correlation between the cerebellum’s GMD and neuron-speciﬁc enolase (NSE) was
shown in a group of young overweight and obese subjects: an increase of serum NSE concentration—a
marker of neuronal injury—was observed together with
a decrease of GMD in cerebellar and hippocampal
regions. Thus, in young subjects, overweight and obesity
might contribute to an increased vulnerability in those
brain regions.67 Another explanation might be an
age-related hypothalamic neurodegeneration that affects
energy balance by reducing energy expenditure and
increasing food intake.9 These processes, however, do
not necessarily have to impair the older brain. In contrast, as visceral adiposity-related vascular risk factors
such as impaired insulin action and subclinical inﬂammation are usually treated in older subjects, these confounders rather than VAT itself could explain both the
VAT–cerebellum association and the VAT–age interaction. Our data indicate age-dependent differences in
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the relationship between visceral adiposity and brain
changes, in particular respecting the cerebellum’s structure and connectivity.
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involved in both motor and cognitive processes as being
inversely associated with abdominal fat distribution in
young adults.
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