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a  b  s  t  r  a  c  t

Recent  studies  suggest  that  being  overweight  or obese  is  related  to worse  cognitive  performance,  partic-
ularly  executive  function.  Obesity  may  also  increase  the  risk  of  Alzheimer’s  disease.  Consequently,  there
has  been  increasing  interest  in  whether  adiposity  is related  to gray  or white  matter  (GM,  WM)  atrophy.
In  this  review,  we  identified  and  critically  evaluated  studies  assessing  obesity  and  GM or WM  volumes
either  globally  or in  specific  regions  of interest  (ROIs).  Across  all  ages, higher  adiposity  was  consistently
associated  with  frontal  GM  atrophy,  particularly  in  prefrontal  cortex.  In  children  and  adults  <40  years  of
age, most  studies  found  no relationship  between  adiposity  and  occipital  or parietal  GM  volumes,  whereas
findings  for temporal  lobe  were  mixed.  In middle-aged  and  aged  adults,  a majority  of  studies  found  that
higher  adiposity  is  associated  with parietal  and  temporal  GM  atrophy,  whereas  results  for  precuneus,  poste-
ray matter
hite matter

ody mass index
RI
RS

rontal lobe

rior cingulate,  and  hippocampus  were  mixed.  Higher  adiposity  had  no clear  association  with global  or  regional
WM  in  any  age  group.  We  conclude  that  higher  adiposity  may  be  associated  with  frontal  GM  atrophy  across
all  ages  and  parietal  and  temporal  GM  atrophy  in  middle  and old  age.

© 2014  Published  by  Elsevier  B.V.
ognition

ontents

1. Introduction  . .  .  . .  . . .  .  . . .  .  . . .  .  . . .  .  . . . . . .  . . .  .  . . .  .  . . . . . . . .  . . .  . . .  . . . .  . . . . . . .  . . .  .  . .  . . . . .  . .  .  . . . . .  .  . . . .  . . . . .  . . .  . . . . . . .  . . .  . . . . . . . .  .  .  .  . . . .  .  . . .  .  .  . . . .  .  . . . . . . .  . . .  00
1.1.  Defining  atrophy  .  .  . . . .  . . .  .  . .  .  . . . . . . .  . . . .  . . .  .  . . .  . . .  .  . . . . . .  .  .  . . . .  . .  . .  . . .  . .  . . . .  .  . . .  . . .  . . . . . .  .  .  . . .  .  .  . .  . . . . .  . . . . .  . .  . . .  . . .  . . .  .  . . . .  .  .  .  .  . .  .  . . . .  .  . . . . .  . 00
1.2.  Defining  adiposity  using  BMI  . .  .  . . .  .  . . .  .  . . .  . . . .  . . .  . . . .  .  . . . . . . .  . . . .  . . .  .  .  .  . . . . .  . .  .  . . .  .  . . .  . . .  .  . . . .  . . . . . . .  .  . . . . . .  .  .  . . .  .  . . . . .  .  . . . .  .  . .  .  .  .  .  . . .  .  .  . .  . .  .  00

2. Methods.  .  . . . .  .  . . .  .  . .  .  . . .  . . . . . . .  . . . .  . . .  .  . . .  . . .  .  . . .  . . . .  . . . .  . . . .  . . .  . . . .  . . . .  . . .  .  .  .  . . . . . . .  .  . . . .  .  .  . . . . . .  .  . . . .  .  . . .  .  . . . . . . .  .  .  . . .  .  .  . . . . . . . . .  .  . . .  .  .  .  .  . .  .  . . . . . . . .  00
2.1.  Search  criteria  . .  .  .  . .  .  . . .  . . .  . . . .  . . .  . . . .  .  . . .  .  . . . . . . .  . . .  . . . . . .  . . . .  . . .  .  .  .  .  . .  . . . .  .  . . . . .  . . .  . . . .  .  . . . .  .  . .  . . . . .  . . .  . . .  . . . . .  . . . . .  .  .  . . .  . . . . . .  .  . .  .  .  . .  .  . .  .  .  .  .  00
2.2. Evaluation  and  organization  of  studies  .  . . . . . . . . . . .  . . . . .  . . . . . .  .  . .  .  . . . . .  . .  . . .  . . . . . . . . .  .  . .  . . . . . . .  . . . . . . .  .  . . . . . .  . . . . .  . . .  .  .  . . . .  .  . . . . .  .  .  . .  . .  .  . .  .  .  . .  00

3.  Results  . . .  . . .  . .  . .  .  .  .  . . .  .  . . .  . . . .  . . .  . . .  .  . . .  .  . . .  .  .  . .  .  .  . .  . .  .  .  .  . .  .  . . .  . . .  . . .  .  . . .  .  .  .  . . . . .  . .  . . . .  .  .  .  . . . . . .  .  . . . .  .  . .  .  .  .  . .  . . . .  .  . . . . . .  .  .  .  . . . .  . .  .  .  .  .  . . . .  .  .  . . . .  . . .  .  . .  . 00
3.1.  Adiposity  and  brain:  search  results  .  . .  .  .  . .  . . . .  . . . .  . . .  .  . .  . . . . .  . .  .  .  . . .  .  . .  . . . . .  . .  . . . .  .  . .  .  . . .  . . . . .  . . . . . . .  . . .  . . .  .  .  . . . . . .  .  .  . . . . .  . .  .  .  .  .  . .  .  .  . . .  .  .  .  .  .  . .  00
3.2.  Adiposity  and  brain  atrophy:  children  and  younger  adults  (<40 years  of  age)  . . . . . . .  .  .  . .  . . . . .  . . .  . . .  . .  . .  . . .  .  .  .  .  . . .  .  .  .  . .  . . . . . .  . . . .  .  .  .  .  . .  . . .  .  . 00

3.2.1.  Summary  of findings  in  children  and younger  adults (<40  years  of age)  .  .  . . . . . . .  .  . . . . .  .  .  .  . .  . . .  . . . . .  . .  .  .  . .  .  .  . . .  .  . . . . . .  . .  .  .  .  .  . .  .  .  . . 00
3.3.  Adiposity  and  brain  atrophy:  middle-aged  to aged  adults  (>40  years  of age)  . . . .  . . .  . . . . .  . . . . . .  .  .  . . . .  . .  . . . . . . . . . . . . . .  .  .  .  . .  . . . .  .  . .  . . .  .  . . .  . . .  .  00

3.3.1.  Summary  of findings  for  middle-aged  to  aged  participants  (>40  years  of  age)  . .  .  . . . . . . .  . .  . . .  . . .  . . . . .  .  . . .  .  . . . . .  .  . .  .  .  .  .  . . .  . . . .  .  . . . . 00
4.  Discussion.  . . .  . .  .  . . . .  .  . . .  .  . . .  . . . .  .  . . .  .  . . . . . . . .  . .  . . .  .  .  . .  .  .  . .  . . . . .  . . .  . . . . . . .  . . . . . .  .  . .  .  . . . .  . . .  . .  .  . . .  .  . . . .  .  . . . . . . .  . . . . . .  .  . . . . . . .  . . .  . . . . .  .  . . . .  .  .  .  .  . .  .  . .  .  .  . .  .  00

4.1.  Overall  findings  . . .  .  . . .  . . .  . . .  .  . . .  .  .  . .  .  .  . .  .  .  . .  . . .  .  .  . . .  . . .  . . . . . .  .  . . . .  .  . . . . . . .  .  .  . . .  .  . . .  . . .  . .  .  . . . .  .  . . .  .  .  . .  . . . .  .  . . . . . .  .  .  .  . . . .  . .  .  .  .  .  . . . . . .  .  . . .  . . .  .  . .  .  00
4.2.  Adiposity  and  brain  atrophy:  potential  mechanisms.  . . . . . . .  . . .  .  .  . .  .  . .  . . . . . . .  . . . . . . .  . . .  . . . . . . .  .  .  . . .  . .  . .  . . .  . . .  .  . . .  .  . .  .  .  .  .  .  .  . . .  . . . . . . .  . . .  .  .  . .  . .  00

4.2.1.  Inflammation  . . .  .  . . .  .  . . . .  . . .  . . . .  . . . .  . . . . . . . .  . . .  . . . .  . . . .  . . . .  .  . . . . . .  .  . . . . . .  .  . . . .  .  . .  .  . . .  .  . . .  . . . . . . .  . . .  .  . . .  .  .  . .  . . . .  .  . . . . . .  .  .  .  .  . . . .  . .  .  . .  . . 00
4.2.2. Vascular  risk  factors  . . .  .  . . .  .  . . .  .  . .  .  . . .  .  . .  .  . . . . .  .  .  . . . .  . .  .  .  . . .  . . .  . .  . .  .  . . . . . . .  . . .  . .  . . . . . .  .  . . . .  . .  .  . . . . . .  .  . . . . . . .  . . .  .  . . . . .  . . .  .  .  .  .  . . .  . . .  .  . . 00
Please cite this article in press as: Willette, A.A., Kapogiannis, D., Does
http://dx.doi.org/10.1016/j.arr.2014.03.007

4.2.3.  Insulin  resistance  .  . . .  . . . .  . . . .  . . .  .  . . .  .  .  . .  .  . . .  . . .  .  . . .  .  . .  .  . . . .
4.2.4. Glucocorticoid  and  brain-derived  neurotrophic  factor  sig

4.3. Adiposity  and  brain  atrophy:  evidence  from  interventions  . .  .  . . . .  .
4.3.1. Calorie  restriction  and  weight  loss . .  .  . .  .  .  . . . . .  .  .  . . . .  . . .  .  .  .

∗ Corresponding author. Tel.: +1 410 350 3953; fax: +1 410 350 7308.
E-mail address: kapogiannisd@mail.nih.gov (D. Kapogiannis).

ttp://dx.doi.org/10.1016/j.arr.2014.03.007
568-1637/© 2014 Published by Elsevier B.V.
 the brain shrink as the waist expands? Ageing Res. Rev. (2014),

 . .  . . . . . .  .  . . . . . .  . . .  . . . .  .  . . . . . . . . . . . . .  . . . .  .  . . . . .  . . .  .  .  .  .  .  . . . . . .  .  . .  .  . . .  . . .  . .  . . 00
naling  . . .  .  . . . . . .  .  . . . . .  . . .  . . .  . . .  . .  . .  .  . . . .  . .  .  . . .  .  .  .  .  .  .  . .  .  . . . . . . . . .  .  . .  .  . .  .  .  00

 . . .  . . . .  .  . . . . . . .  .  . . . . . . . .  . .  . . .  .  .  .  . .  . . .  . .  . . . . .  .  .  . .  . . . . .  . .  . . . .  . . . . . .  . . . .  . . .  .  .  00
 .  . .  . .  . .  .  . . . . .  . . . . . . .  .  . . . .  .  . .  . . . .  .  . . .  . . .  . . . . .  . . . . .  . . . . .  .  .  .  . . .  .  . .  . . . . . . .  . . . .  00

dx.doi.org/10.1016/j.arr.2014.03.007
dx.doi.org/10.1016/j.arr.2014.03.007
http://www.sciencedirect.com/science/journal/15681637
http://www.elsevier.com/locate/arr
mailto:kapogiannisd@mail.nih.gov
dx.doi.org/10.1016/j.arr.2014.03.007


ARTICLE IN PRESSG Model
ARR 512 1–12

2 A.A. Willette, D. Kapogiannis / Ageing Research Reviews xxx (2014) xxx–xxx

4.3.2.  Exercise  . .  . . . .  . . . .  . . . .  .  . . .  .  . .  . . . .  . . .  .  . . .  .  . . .  .  . . .  .  .  . .  . . .  .  .  . .  .  . . .  . . . .  . .  . . .  .  .  . . .  . . .  . . . . . .  .  . . .  .  . . . .  .  . .  . . . . .  . .  . . .  .  .  . . .  . .  .  .  . . .  .  . . . . .  .  . . .  .  .  .  .  00
5.  Conclusions  . .  . .  .  . . .  .  .  . . .  . . .  .  . . .  . . . .  .  . . . . . .  . . . .  . . . .  . . .  .  . . .  .  . .  .  . . . . . . .  .  . . .  .  . .  . . . . . . .  . . .  . . . . .  .  . . .  .  . . .  . .  . . . . . .  . .  .  . . .  .  . . .  . . .  . . . .  . . . .  . . .  .  .  .  .  . . . .  . . .  . . .  . . .  .  . . 00
Appendix  A. Supplementary  data  .  .  . . .  .  . . .  .  . . .  .  . . .  . . . . . . . . . . .  .  . . .  .  . . . . . .  .  .  . . .  .  . .  .  .  . .  . . .  . . .  .  .  . . . . .  . . . . . . .  .  . . . .  .  . . .  . . . .  . . .  . . .  .  . .  .  .  . .  .  .  .  . .  .  . . .  . . . . . . .  . . .  . .  .  00

 .  . .  .  . .

1

U
c
a
t
e
J
a
a
t
a
(
w
s
e

2
o
u
a
r
c
n
f
M
t
w

i
f
a
b
a
e
t
n
a
m
t
g
t
i
a
2

A
e
e
a
s
p
e
o
a
o
m
t

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156
References  .  .  . . .  . .  . .  .  . . . .  .  . . .  . . . . .  . . .  .  . . .  .  . . .  .  . . .  .  . .  .  . .  .  .  . .  .  .  . . .  .  . .  .  . . .

. Introduction

One-third of adults and 17% of children and adolescents in the
nited States are currently obese, where the prevalence of obesity
ontinues to rise among boys and men  and remains high for girls
nd women (Ogden et al., 2012a,b). It has been well established
hat obesity increases the risk for cardiovascular disease (Whitlock
t al., 2009; Friedemann et al., 2012), type 2 diabetes (Haslam and
ames, 2005), various cancers (Vucenik and Stains, 2012), and over-
ll mortality in children and adolescents (Flegal et al., 2007) as well
s adults (Whitlock et al., 2009). Several studies have shown a nega-
ive association between anthropometric measures of obesity, such
s body weight, body mass index (BMI), or waist circumference
WC), and cognitive performance (Elias et al., 2012), in particular
orse executive function (Gunstad et al., 2007). However, other

tudies have found no such association with cognition (van Boxtel
t al., 2007) or even small positive associations (Kuo et al., 2006).

Regarding children and adolescents, recent reviews (Liang et al.,
013; Reinert et al., 2013) indicate that higher adiposity (i.e., being
verweight or obese) is consistently associated with poorer exec-
tive function, inhibitory control, and attention, as well as worse
cademic achievement. It has been speculated that these deficits
eflect dysregulation of brain networks mediating these higher
ognitive functions, as well as regulating appetitive drive. These
etworks include medial parietal areas, insula, hippocampus, pre-

rontal cortex (PFC), and cingulate cortex (Del Parigi et al., 2002;
artin et al., 2010; Mehta et al., 2012; Brooks et al., 2013b). By con-

rast, only half of the studies in that literature find an association
ith worse learning and memory performance.

Toward the other end of the lifespan, increased midlife adipos-
ty has been linked to worse cognitive performance and higher risk
or Alzheimer’s disease (AD) (Elias et al., 2012), although sex effects
nd other factors appear to modify this risk. For example, for women
ut not men at age 70, every 1-point increase in BMI corresponded to

 36% increase in AD risk over a 10–18 years time span (Gustafson
t al., 2003). A recent meta-analysis (Beydoun et al., 2008) found
hat increased AD risk was attributable to obesity (BMI > 30) but
ot being overweight (BMI 25–30), although Huang and Yu re-
nalyzed the same data and contest the distinction (2008). Obesity
ay  increase AD risk not as an isolated factor, but as a component of

he Metabolic Syndrome, which refers to the constellation of impaired
lucose tolerance, abdominal or central obesity, hypertension, hyper-
riglyceridemia, and reduced high-density lipoprotein cholesterol, and
s progressively being recognized as a major mechanism underlying
ge-related cognitive decline and development of AD (Frisardi et al.,
010; Craft et al., 2012).

Based in part on the association between excess adiposity and
D risk, Gustafson and colleagues published one of the first papers
xamining excess adiposity and lobar brain volume (Gustafson
t al., 2004). Specifically, in Swedish women, higher BMI  measured
t some point between midlife and old age predicted a small but
ignificantly higher likelihood of atrophy (OR 1.11–1.14) in tem-
oral gray matter (GM) volume based on Likert scale ratings by
xpert radiologists. No relationship was found for frontal, parietal,
r occipital lobes. Since this seminal report, many cross-sectional
Please cite this article in press as: Willette, A.A., Kapogiannis, D., Does
http://dx.doi.org/10.1016/j.arr.2014.03.007

nd a few longitudinal studies have examined anthropometric
r quantitative measures of adiposity and brain structure using
agnetic resonance imaging (MRI), microstructure using diffusion

ensor imaging (DTI), and various magnetic resonance spectroscopy
 . .  . . .  . .  . . .  .  . . . . . . . . .  . . .  .  . . . . . . .  .  . . . . . .  .  . .  . . . .  .  .  . . .  .  . . . .  .  . .  .  . . . . . .  .  . . .  . .  .  .  .  00

(MRS) techniques. Akin to the obesity literature in younger cohorts,
these studies have also focused on hippocampus, PFC, precuneus
and posterior cingulate cortex, and to a lesser extent insula, due in
part to their relationship with late life cognitive decline and atrophy
seen in AD (Whitwell et al., 2007; McDonald et al., 2009; Risacher
et al., 2010).

Despite the remarkable number of recent publications address-
ing adiposity in relation to brain atrophy in these areas and others,
there has been no systematic, critical review of this literature
in younger or older age groups. It is important to distinguish
between these age groups because the pathophysiology under-
lying excess adiposity and brain may  differ across the lifespan.
For example, aging is related to low-grade chronic expression of
peripheral proinflammatory cytokines and chemokines, in part due
to increased abdominal adiposity (Michaud et al., 2013). Peripheral
proinflammatory cytokines and chemokines predict brain atrophy
cross-sectionally in aged rhesus monkeys (Willette et al., 2010)
and aged humans (Satizabal et al., 2012), as well as longitudi-
nally in middle-aged adults at risk for AD (Willette et al., 2013a).
Furthermore, comorbidities such as insulin resistance (IR), cardio-
vascular disease, hypertension, and hyperlipidemia preferentially
affect older age groups (Michaud et al., 2013). Finally, the loss of
lean muscle mass with ageing (i.e., sarcopenia) complicates direct
age group comparisons based on BMI. Indeed, BMI  is the most com-
mon  adiposity index used in this literature, and this metric does not
distinguish between non-fat mass and fat mass.

This review first focuses on defining brain atrophy and various
measures of adiposity. After detailing search criteria and the ana-
lytic strategy, we summarize the literature in younger and then
older cohorts, followed by a discussion of those studies and then
potential underlying mechanisms and interventions.

1.1. Defining atrophy

In the context of pathology, atrophy is characterized by reduc-
tion of brain tissue volume and cortical thickness over time or
compared to normal brains, due to various combinations of reduced
synaptic density, dendritic arborization, corpuscular volume of
neurons and glia, and cell death (Donkelaar, 2011). Given the
paucity of neuroimaging studies longitudinally assessing brain vol-
ume  and adiposity (Haltia et al., 2007; Debette et al., 2011; Bobb
et al., 2012; Driscoll et al., 2012), the term “atrophy” has been
mainly used to characterize lower GM or white matter (WM) vol-
umes relative to various control groups (Yaffe et al., 2004). This
usage presupposes established norms for regional GM and WM and
that the various control groups represent the population distribu-
tion. This assumption becomes problematic for smaller studies, or
newer methodologies where norms have not been well established
(e.g., DTI, MRS). In neuroimaging studies, all available methodolo-
gies for tissue segmentation used to generate GM and WM maps
remove voxels containing CSF (albeit with variable success). Therefore,
reported associations refer to brain tissue volume free of CSF.

1.2. Defining adiposity using BMI
 the brain shrink as the waist expands? Ageing Res. Rev. (2014),

Various metrics have been devised to reflect central adiposity
(i.e., fat tissue surrounding viscera in the peritoneum), subcuta-
neous adiposity (i.e., fat tissue underlying the skin), or total body
adiposity. Body mass index, or BMI, is a simple anthropometric
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urrogate of total body fat and is calculated by dividing kilograms
f body weight by squared meters in height. The World Health
rganization has created standardized BMI  groups (2000) includ-

ng lean (18.5–24.99), overweight (25–29.99), obese class I and II or
bese (30–39.99), and obese class III or morbidly obese (≥40.00). As
etailed in many other reports (e.g., Dalton et al., 2003), BMI  does
ot distinguish between visceral and subcutaneous fat, as well as
on-fat mass, and has major limitations as a disease biomarker,
ince it can be affected by non-fat mass loss, which typically occurs
n old age (i.e., sarcopenia). Waist circumference (WC) is assessed
y circumference around the umbilicus after breath release, while
aist-to-hip ratio (WHR) utilizes both waist and hip circumfer-

nce measurements. These measures preferentially reflect central
diposity and are more accurate predictors of type 2 diabetes and
ardiovascular disease than BMI  (Luchsinger et al., 2012). Given
heir greater relevance to metabolism, WC  and WHR  may  also bet-
er reflect associations between adiposity and brain health across
he lifespan.

. Methods

.1. Search criteria

Articles from 2004 to 2013 were reviewed. Searches prior
o 2004 did not return any results that met  criteria. The last
earch occurred in August 2013. Searches were performed in
ubMed/Medline using combinations of the following terms: brain;
trophy; gray matter; white matter; obesity; fat; high fat diet;
eurons; brain volume; magnetic resonance imaging; magnetic
esonance spectroscopy; body mass index; waist circumference;
aist to hip ratio; cortical density; body weight; histopathology.
uman studies were included if they had: (1) been published in
nglish; (2) included at least one brain scan; (3) examined global,
obar, regional brain volumes or measured metabolites that reflect
rain tissue integrity using MRS; (4) included at least one anthro-
ometric or quantitative assessment of central or global adiposity,
uch as body weight, BMI, WC or abdominal girth, WHR, visceral
dipose tissue (VAT) and/or subcutaneous adipose tissue (SAT), per-
entage body fat (% body fat), and similar indices; and (5) focused on
he weight spectrum from normal to class III obesity, which did not
nclude studies on being underweight such as anorexia nervosa. An
lternative criterion was a genetic predisposition toward obesity,
uch as Praeder-Willi syndrome (Cassidy, 1997) or risk alleles for
he fat mass and obesity associated (FTO) gene (Dina et al., 2007)
hen combined with an adiposity measure. While important, it
as beyond the scope of this review to include articles examin-

ng adiposity and fMRI activation, brain metabolism, brain vascular
athology (e.g., white matter hyperintensities), or autopsy studies
hat only considered brain weight instead of composition.

.2. Evaluation and organization of studies

First, we developed a set of criteria to critically evaluate studies
or scientific and statistical rigor. Studies were considered opti-

al  if they had: (1) large sample sizes, with balanced sampling
f different weight groups, if applicable; (2) indices of adipose tis-
ue (SAT, VAT) over anthropometric measures like BMI; (3) a clear
tudy design, where hypotheses were clearly stated and based on
re-existing literature, the methodology and analytic strategy were
igorous and a priori driven, and the results confirmed at least some of
he hypotheses; (4) stringent exclusion criteria including type 2 dia-
Please cite this article in press as: Willette, A.A., Kapogiannis, D., Does
http://dx.doi.org/10.1016/j.arr.2014.03.007

etes and related comorbidities, cardiovascular disease, psychiatric
isorders, and central nervous system disorders, all of which may
e independently associated with both obesity and brain volume
nd, therefore, are potential confounders; (5) adjustment for type
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1 error; and (6) an intervention, were longitudinal, or otherwise
novel.

Studies in children to young adults were evaluated and are pre-
sented separately from those in middle-aged to aged age groups.
For the young adult or middle-aged to aged groups, we present
findings for lobar GM posteriorly to anteriorly (i.e., from occipital to
frontal lobe), as well as four regions of interest (ROI). Finally, find-
ings for global and regional WM are discussed. The four GM ROIs we
focus on are: precuneus or posterior cingulate cortex, hippocam-
pus, insula, and any sub-region of PFC. These brain regions were
selected because they are AD-sensitive areas (Whitwell et al., 2007;
McDonald et al., 2009; Risacher et al., 2010), and the hippocam-
pus, insula, and ventral PFC are also involved in appetitive drive
and inhibitory control. Many of these regions are also important
for declarative memory and executive function (Del Parigi et al.,
2002; Martin et al., 2010; Mehta et al., 2012; Brooks et al., 2013b),
processes that are thought to be dysregulated in obese participants.

3. Results

3.1. Adiposity and brain: search results

We found 44 articles that directly or indirectly addressed the
possible link between adiposity and brain volume or metabolites
reflecting tissue composition. Supplementary Table 1 summarizes
the findings of these studies in detail and allows for direct com-
parisons. The table includes the publication date, sample size,
brain modality, neuroimaging modality (structural MRI vs. MRS),
whether categorical or continuous measures of adiposity were
used, age group, and a color-coded chart indicating if and in what
direction adiposity was associated with brain volumes and/or MRS
metabolites. DTI findings from 5 studies that will be referenced in
the discussion are also included. Table 1 highlights eight method-
ologically rigorous reports that either typify overall findings in the
literature or present noteworthy findings.

BMI  was the most common adiposity index in this literature,
with 33 of the 44 studies reviewed exclusively using continuous
BMI  or BMI  groups for associations with brain volume indices. WC,
WHR, or equivalent measures were used separately or in concert
with BMI  in 7 of the 44 studies reviewed. Lastly, 3 studies (Anan
et al., 2010; Debette et al., 2010; Weise et al., 2013) directly mea-
sured adipose tissue in whole or in the separate subcutaneous and
peritoneal compartments. Twenty-eight of the 44 studies used an
anatomically defined region of interest approach to acquire volu-
metric measures for lobar volumes and/or the 4 ROIs. Eighteen of
the 44 studies used voxel-wise statistics (Ashburner and Friston,
2000). Lastly, 2 of the 44 studies used Likert scale ratings of brain
volume to qualitatively assess brain volumes. Most of the 44 stud-
ies included age or age and sex as covariates. Furthermore, many
reports in older cohorts with large sample sizes assessed models that
additionally covaried components of the metabolic syndrome, such as
dyslipedemia and hypertension indices.

3.2. Adiposity and brain atrophy: children and younger adults
(<40 years of age)

Fifteen studies have examined the association of global or
regional brain volumes and adiposity in participants less than 40
years of age (Pannacciulli et al., 2006; Haltia et al., 2007; Miller
et al., 2007, 2009; Maayan et al., 2011; Ogura et al., 2011; Brain
Development Cooperative Group, 2012; Maudsley et al., 2012;
 the brain shrink as the waist expands? Ageing Res. Rev. (2014),

Mueller et al., 2012; Smucny et al., 2012; Ursache et al., 2012;
Yokum et al., 2012; Alosco et al., 2013; Melka et al., 2013; Weise
et al., 2013). Thirteen of these 15 studies used BMI  as a continuous
variable or BMI  groups, while one study used a quantitative index
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Table  1
Examples of literature findings.Q3

Report Year Age group N Neuroimaging
method

Contrast type Summary of findings

Zade et al. 2013 Middle-Aged 494 ROI WHR  Quartiles Among the highest WHR  quartile,
higher WHR  was associated with lower
total brain volume, frontal GM volume,
higher temporal horn volume
reflective of less hippocampal volume,
and more ventricular volume.

(Q4 indicative
of obesity)

Taki  et al. 2008 Middle-Aged 1428 VBM
Voxel-Wise

Continuous
BMI

A BMI  * Sex interaction showed no
association for women. For men,
higher BMI  predicted less GM in
temporal lobe, anterior cerebellum,
fusiform gyrus, frontal lobes,
precuneus, and midbrain. Positive
associations were noted in IFG,
posterior cerebellum, frontal and
temporal lobes, thalamus, and caudate.

Ho  et al. 2010 Aged 700 TBM
Voxel-Wise

Continuous
BMI

Higher BMI  across AD and MCI
participants predicted less GM
predominantly in medial PFC, occipital
lobe, less GM predominantly in medial
PFC, occipital lobe, midline areas,
cerebellum, brainstem, and deep WM.
There was slight coverage in the
ADNI-only cohort. Higher BMI
predicted more GM in occipital lobe,
posterior and anterior cingulate, and
pre-central gyrus.

Walther et al. 2010 Aged 95 VBM
Voxel-Wise

Continuous
BMI

Higher BMI  predicted lower GM in
frontal lobe, inferior parietal area,
parahippocampus to lingual gyrus,
cerebellum, and other regions. Higher
BMI  predicted more WM
predominantly in frontal and temporal
areas.

Weise  et al. 2013 Young Adult 76 VBM
Voxel-Wise

Continuous
Fat-Free

Higher FFMI strongly predicted less
GM in insula, temporal

Mass Index
(FFMI)

gyri, ventral and orbital PFC. Higher
FMI  was associated with smaller
clusters in similar regions. Covarying
FFMI rendered FMI  associations
non-significant.

or Fat Mass
Index (FMI)

Haltia et al. 2007 Young Adult 46 VBM
Voxel-Wise

Obese (30) vs.
Lean (16)

Obese participants showed no
significant GM differences after type 1
error correction, but did show more
WM near parahippocampus, temporal
gyri, brainstem, and cerebellum. After
6  weeks of dieting in obese
participants, there was significantly
less WM near parahippocampal gyrus
and temporal areas.

Brain  Development
Cooperative Group

2012 Child to Adolescent 325 ROI Continuous
BMI

Higher BMI  had smaller to moderate
associations with global, parietal,
temporal, and occipital GM. No
association was seen with frontal GM.
Higher BMI  predicted small positive
correlations with global, frontal,
parietal, and temporal WM.

Pannacciulli et al. 2006 Young Adult 60 VBM
Voxel-Wise

Morbidly obese
(24) vs. Lean
(36)

Morbidly obese participants had less
GM in cerebellum, post-central gyrus,
putamen, MFG, and anterior insula.
Obese participants also had more GM
in  occipital areas, cerebellum, and
MFG, as well as more WM near
striatum.

AD = Alzheimer’s disease; ADNI = Alzheimer’s Disease Neuroimaging Initiative; BMI  = Body Mass Index; CHS-CS = Cardiovascular Health Study Cognition Study; GM = Gray
Matter;  IFG = Inferior Frontal Gyrus; MCI  = Mild Cognitive Impairment; MFG  = Medial Frontal Gyrus; PFC = Prefrontal Cortex; ROI = Region of Interest; TBM = Tensor-Based
Morphometry; VBM = Voxel-Based Morphometry; WHR  = Waist to Hip Ratio; WM = White Matter.

dx.doi.org/10.1016/j.arr.2014.03.007
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f fat mass and non-fat mass (Weise et al., 2013). See Supplemental
able 1 for more details.

Six of these studies were deemed optimal based on our crite-
ia. Weise and colleagues (2013) conducted a study in 76 healthy
articipants (mean age = 32.1 ± 8.8 years), where they examined
at-free mass index (FFMI) or fat mass index (FMI) and gray

atter volume using voxel-wise regression. While higher FMI  pre-
icted less GM in superior temporal and prefrontal areas, these
ffects became non-significant after covarying FFMI; therefore, the
uthors suggest that overall body mass instead of adiposity may
nderlie brain associations. The Brain Development Cooperative
roup (2012) studied a large cohort of 325 children and adoles-
ents (∼70% normal BMI) from 4.5 to 18 years of age and examined
otal brain, lobar, and ventricular ROI volumes. They found small
o moderate correlations between higher BMI  and lower global GM
olume and GM volume in occipital, parietal, and temporal but not
rontal lobes, whereas higher BMI  predicted higher WM volume.
n a comparably aged cohort, Alosco and colleagues (2013) used
n ROI approach to examine if higher BMI  predicted less GM in
20 children and adolescents (mean age = 13.5 ± 2.9 years). Higher
MI  was associated with less GM in frontal lobe, as well as a “lim-
ic lobe” ROI that included the hippocampus, parahippocampus,
mygdala, cingulate, and cerebellum. Pannacciulli and co-workers
2006) examined regional WM and GM differences between 24

orbidly obese and 36 lean participants (mean age = 32.5 ± 8.5
ears). Obese participants had less GM in parietal, temporal, and
iddle prefrontal areas, but also had more GM in occipital and infe-

ior prefrontal regions, as well as more WM.  A more recent study
Yokum et al., 2012) that considered the full BMI  range, by includ-
ng 17 obese, 36 overweight, and 31 lean adolescent females (mean
ge = 18.4 ± 2.8 years), found no volumetric differences between
verweight participants and other groups. However, they did note
edium to large effect sizes when comparing obese versus lean,
here obese participants had less occipital GM and global WM,

ut more regional WM in inferior and temporal areas, as well as in
olandic operculum and dorsal striatum. Finally, Haltia et al. (2007)
ompared 30 obese and 16 lean participants (mean age = 37 ± 16.5
ears) at baseline and after a 6-week very low calorie diet in the
bese group. At baseline, regional WM volume was higher in obese
articipants. After the intervention, WM volumes did not signifi-
antly differ between the once obese participants who had become
ean versus the always-lean participants. No GM differences were
oted at either time-point.

.2.1. Summary of findings in children and younger adults (<40
ears of age)

Although these studies and the others produce several con-
icting or non-replicable findings, some trends are clear. Two of
he 4 studies that assessed total brain volume (Ogura et al., 2011;

elka et al., 2013) found negative associations with more adipos-
ty. Three of 5 studies that assessed global GM (Brain Development
ooperative Group, 2012; Ogura et al., 2011; Yokum et al., 2012)
lso found that more adiposity predicted lower volume.

Two of 11 studies that examined occipital lobes reported more
Brain Development Cooperative Group, 2012; Yokum et al., 2012)
trophy associated with more adiposity, but one study showed the
pposite association (Pannacciulli et al., 2006). Three of 11 studies
hat examined parietal lobes also found an association between less
trophy and more adiposity (Brain Development Research Group,
012; Pannacciulli et al., 2006; Ogura et al., 2011). Of 8 reports
xamining precuneus or posterior cingulate, only one study by
losco et al. (2013) shows a relationship between more adiposity
Please cite this article in press as: Willette, A.A., Kapogiannis, D., Does
http://dx.doi.org/10.1016/j.arr.2014.03.007

nd less volume in a ‘limbic lobe’ incorporating these areas.
Results for temporal lobe GM are mixed (i.e., no clear consensus

mong reports about the presence and direction of an associa-
ion). Three of the 6 optimal studies to examine temporal lobes
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(Pannacciulli et al., 2006; Brain Development Cooperative Group,
2012; Weise et al., 2013) and 2 of 3 other studies to examine tem-
poral lobes (Mueller et al., 2011; Ogura et al., 2011) reported more
atrophy with adiposity. Furthermore, only 2 of 9 studies that used
a hippocampus ROI (Mueller et al., 2012; Alosco et al., 2013) found
such an association between more adiposity and lower volumes.
These findings parallel the mixed results noted between obesity
and learning and memory (Liang et al., 2013). Similarly, only 3 of 7
reports examining the insula showed an association between more
atrophy and either higher BMI  or more fat mass (Pannacciulli et al.,
2006; Smucny et al., 2012; Weise et al., 2013).

Five of 11 studies examining frontal lobes (Pannacciulli et al.,
2006; Ogura et al., 2011; Smucny et al., 2012; Alosco et al., 2013;
Weise et al., 2013) noted an association between higher BMI and
lower GM,  also suggesting mixed results. Interestingly, 6 of 9
reports specifically assessing PFC (Pannacciulli et al., 2006; Maayan
et al., 2011; Ogura et al., 2011; Smucny et al., 2012; Ursache
et al., 2012; Weise et al., 2013) found that higher BMI or fat
mass predicted less GM volume. Furthermore, Maayan and col-
leagues (2011), found that obese participants performed markedly
worse than lean controls on executive tasks, particularly on a
Stroop task, and linked lower frontal volumes with worse executive
performance. These findings may  reflect the generally consistent
relationship between more adiposity and worse executive perfor-
mance in children and adolescents (Liang et al., 2013).

Finally, 4 of 7 reports examining global or regional WM
(Pannacciulli et al., 2006; Haltia et al., 2007; Brain Development
Cooperative Group, 2012; Yokum et al., 2012) found that more WM
was related to more adiposity, whereas 2 of 7 reports examining
global or regional WM (Ogura et al., 2011; Yokum et al., 2012) found
that more adiposity was  associated with less WM volume. Simi-
lar studies examining WM microstructure using DTI clarify these
findings and will be discussed later in the review.

3.3. Adiposity and brain atrophy: middle-aged to aged adults
(>40 years of age)

Many studies have been motivated by the link between obe-
sity and AD risk (Gustafson et al., 2003; Beydoun et al., 2008;
Elias et al., 2012) to examine associations between adiposity
and regional brain volumes or metabolite concentrations in older
cohorts. Twenty-nine studies have been published as of August
2013 in middle-aged (Ward et al., 2005; Gazdzinski et al., 2008;
Gunstad et al., 2008; Taki et al., 2008; Bruehl et al., 2009; Debette
et al., 2010, 2011; Gonzales et al., 2012; Hassenstab et al., 2012;
Haley et al., 2013; Karlsson et al., 2013; Kurth et al., 2013; Zade
et al., 2013) or aged participants (Gustafson et al., 2004; Jagust et al.,
2005; Soreca et al., 2009; Anan et al., 2010; Gazdzinski et al., 2010;
Ho et al., 2010a,b, 2011a,b; Raji et al., 2010; Walther et al., 2010;
Widya et al., 2011; Bobb et al., 2012; Driscoll et al., 2012; Brooks
et al., 2013a; Metzler-Baddeley et al., 2013). Twenty-one reports
used BMI  continuously or used it to define subgroups from lean to
morbidly obese categories, whereas the remainder used BMI and
one or more other anthropometric indices (5), WHR  quartiles (1),
SAT and VAT with anthropometric indices (1), or VAT alone (1). Thir-
teen of these studies met  our criteria for being optimal and will be
briefly detailed before summarizing findings from the literature.
We note that the Cardiovascular Health Study Cognition Study sample
used by Raji et al. (2010) was likely used in a subsequent paper (Ho
et al., 2011a), after more CHS-CS participants had been added to the
analysis. We  therefore highlight the Raji paper for its technical merits,
but do not include it in our tallies below.
 the brain shrink as the waist expands? Ageing Res. Rev. (2014),

Taki et al. (2008) were the first group to examine BMI  and voxel-
wise GM associations with a very large cohort of 1428 middle-aged
Japanese participants. In men  but not women, higher BMI  corre-
sponded to less global GM,  as well as less regional GM in inferior
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nd medial temporal, precuneus, anterior cerebellar, prefrontal,
nd midbrain regions. Unlike most groups using voxel-wise anal-
ses, they also conversely tested if higher BMI  corresponded to
ore GM and found significant clusters in frontal and temporal

reas, thalamus, caudate, and posterior cerebellum. Soreca et al.
2009) examined baseline BMI  and BMI  change over a 15–20 year
eriod from 1983-1984 (the time of initial evaluation) to 2005-2006
when MRI  was acquired) in 48 healthy, postmenopausal women
mean age at MRI  = 67.1 ± 1.3). BMI  increase of over time pre-
icted less global GM volume, whereas no relationship was  found
or global WM.  Walther et al. (2010) compared cognitive per-
ormance and regional GM and WM using voxel-wise analysis
n 53 lean, 22 overweight, and 20 obese older women  (mean
ge = 69.3 ± 9.3 years). Obese participants had worse executive
unction. Higher BMI  corresponded to lower GM in frontal, infe-
ior and medial temporal but not hippocampal, inferior parietal,
nd occipital areas, as well as cerebellum. Less GM in orbital
rontal cortex was associated with poorer executive performance.
n addition, BMI  predicted less WM volume in all 4 lobes. Widya
t al. (2011) tested if 140 lean, 256 overweight, and 75 obese,
on-demented participants (mean age = 74.3 ± 3.1 years) varied in

 sub-cortical volumes. Obese versus lean participants had sig-
ificantly larger bilateral amygdala and left hippocampus, even
fter type 1 error and covariate correction. Gonzales et al. (2012)
sed MRS  in occipitoparietal junction to examine brain tissue
etabolites, cognition, and continuous BMI  in 54 middle-aged

articipants (mean age = 50.7 ± 6.3 years). Higher BMI  predicted
igher Myoinositol/Creatine, a ratio thought to represent glial tis-
ue content, but not N-Acetyl-Aspartate/Choline (NAA:Choline), a
atio thought to reflect neuronal density. Using structural equa-
ion modeling, higher values of Myoinositol/Creatine significantly

ediated lower scores on a global cognitive index comprised of
everal memory, executive function, and general intelligence mea-
ures. Gazdzinski et al. (2008), in 50 middle-aged adults (mean
ge = 43.1 ± 8.03 years), in part examined associations between higher
MI  and NAA metabolite concentrations in frontal, parietal, temporal,
nd occipital lobes. After Bonferroni correction, higher BMI was related
o less NAA in frontal GM,  as well as frontal, temporal, and parietal WM.

Hassenstab et al. (2012) examined 17 obese, 19 always-lean par-
icipants, and 17 successful weight loss maintainers who  were once
bese but had been lean for at least 3 years (mean age = 46.6 ± 9.1
ears). An ROI approach was used to compare cortical thickness in
nterior insula, dorsal anterior cingulate, dorsal PFC, and posterior
arietal cortex including precuneus. Obese versus always-lean par-
icipants had less GM in anterior insula, dorsal anterior cingulate,
nd posterior parietal cortex. Importantly, weight loss maintainers
ad brain volumes between obese and lean groups and did not sig-
ificantly differ from either of them. This result suggests that GM
trophy associated with obesity might be ameliorated with weight
oss, but prospective interventional studies are needed to confirm
his finding.

Several consistent findings have emerged in findings from large
ohorts such as the Alzheimer’s Disease NeuroImaging Initiative
ADNI) and/or CHS-CS cohorts. Raji et al. (2010) initially com-
ared GM volume between 29 lean, 51 overweight, and 14 obese
articipants (mean age = 77.2 ± 3.1 years), or across groups using
ontinuous BMI, with tensor-based morphometry (TBM). These
articipants had remained cognitively stable for at least 5 years
fter the brain scan, which minimized any potential atrophy due
o dementia. Across participants, there were small to moderate
orrelations between higher BMI  and lower GM in medial tempo-
al lobe including hippocampus, frontal lobe, sub-cortical midline
Please cite this article in press as: Willette, A.A., Kapogiannis, D., Does
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reas, anterior cingulate, and subcortical WM volume. Similarly,
bese participants showed less GM volume in these regions versus
ean participants. Ho and colleagues (Ho et al., 2010b) extended
his work by examining not only continuous BMI  and TBM in 206
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ADNI participants (mean age = 76.2 ± 5 years), but also non-risk
(n = 78) versus risk (n = 128) genotype groups for the FTO gene,
which has been associated with increased fat mass and higher
obesity prevalence (Dina et al., 2007). Higher BMI  predicted lower
volume predominantly in deep WM,  and frontal and occipital GM,
but not hippocampus unlike Raji and colleagues. Higher BMI  also
predicted higher GM in precuneus. Interestingly, FTO risk carriers
showed less GM in occipital and frontal areas that overlapped with
areas associated with BMI. Another noteworthy study (Ho et al.,
2010a) examined BMI  and TBM in 476 Mild Cognitive Impairment
(MCI) and 224 AD participants. Each BMI  point increase was  related
to a 0.5–1.5% decrease in WM volume in brainstem and cerebellum,
as well as medial PFC, occipital lobe, globus pallidus, cerebellum,
and brain stem GM.  Relative increases were found in anterior cingu-
late, precuneus, occipital lobe, and dorsal PFC GM.  One of the clusters
partially covered the hippocampus, but it is unclear to us whether that
coverage genuinely reflects contraction in hippocampus, or is due to the
strength of the association between higher BMI  and volume contraction
within nearby WM.

Finally, the Framingham Heart Study has also produced several
reports on obesity and brain. Debette et al. (2010) cross-sectionally
assessed 733 middle-aged participants (mean age = 60 ± 9 years)
using standardized ROIs of total brain volume and temporal horn
volume. Temporal horn volume is a CSF measure that increases as
hippocampal volume decreases. Adiposity was  measured using BMI,
WC,  and WHR, as well as SAT and VAT. Higher values for any adi-
posity measure predicted less TBV, especially VAT. In addition,
WHR predicted increased temporal horn volume, suggesting rel-
atively smaller hippocampi. Later, in a larger middle-aged cohort
of 1352 participants (Debette et al., 2011) (mean age = 54 ± 9 years),
annual changes from baseline to roughly 7 years later were assessed
for TBV, temporal horn volume, and cognition. Across all partici-
pants, no relationships between BMI, WHR, or WC  were found with
annual changes in MRI  or cognition, although the authors note an
unusually strong cross-sectional association between higher WHR
and lower TBV (10.81 Odds Ratio) in those participants in the top
quartile of change in brain or cognitive indices. Finally, Zade et al.
(2013) examined TBV, lateral ventricle volume, frontal brain vol-
ume, and temporal horn volume in 494 middle-aged participants.
The fourth quartile of WHR  was used to represent central obesity.
Fourth Quartile WHR  was  significantly associated with lower TBV,
frontal volume, higher CSF volume in lateral ventricle and temporal
horn, and worse performance on executive function and memory
tasks. The inclusion of frontal volume and moderating effects of ApoE
Genotype (see Supplemental Table 1) distinguish this analysis from
Debette et al. (2010).

3.3.1. Summary of findings for middle-aged to aged participants
(>40 years of age)

For participants aged 40 years or older, 5 of the 8 reports that
assessed total brain volume (Ward et al., 2005; Gunstad et al., 2008;
Debette et al., 2010, 2011; Zade et al., 2013) found a negative asso-
ciation with more adiposity. Three of 6 reports assessing global
GM also found that more adiposity predicted less volume (Gunstad
et al., 2008; Taki et al., 2008; Soreca et al., 2009). Seven of 14 studies
examining occipital lobes report negative associations with more
adiposity and brain volume (Ho et al., 2010a,b, 2011a; Walther et al.,
2010; Bobb et al., 2012; Karlsson et al., 2013; Kurth et al., 2013).
While the Ho and Raji studies consistently noted this association
(Ho et al., 2010b, 2011a,b; Raji et al., 2010), studies with larger
cohorts (Taki et al., 2008) have not found this relationship. Longi-
tudinal studies examining occipital atrophy and adiposity are also
 the brain shrink as the waist expands? Ageing Res. Rev. (2014),

mixed as either not finding (Bobb et al., 2012; Driscoll et al., 2012)
or finding (Walther et al., 2010) a link.

Seven of 13 studies examining parietal lobes report negative
associations between lower volume and more adiposity (Taki et al.,
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008; Ho et al., 2010a,b, 2011a; Walther et al., 2010; Karlsson
t al., 2013; Kurth et al., 2013). Three of these 13 studies using
DNI and/or CHS-CS data from different sub-samples simultane-
usly showed a positive association with posterior-medial parietal
olume (Ho et al., 2010a,b, 2011a). Four of 14 studies examin-
ng precuneus and posterior cingulate volume (Taki et al., 2008;
riscoll et al., 2012; Hassenstab et al., 2012; Karlsson et al., 2013)

eport negative associations with more adiposity, whereas 3 of 14
tudies examining precuneus and posterior cingulate volume (Ho
t al., 2010a,b, 2011a) report positive associations with more adi-
osity.

Nine of 13 studies examining temporal lobe (Jagust et al., 2005;
aki et al., 2008; Ho et al., 2010a,b, 2011a; Walther et al., 2010; Bobb
t al., 2012; Karlsson et al., 2013; Kurth et al., 2013) report negative
ssociations with temporal lobe GM volumes and more adiposity,
hereas Taki and colleagues (2008) report a positive relationship.
hile hippocampus has been the central focus of this literature,

nly 9 of 19 reports examining hippocampal volume (Jagust et al.,
005; Taki et al., 2008; Bruehl et al., 2009; Anan et al., 2010; Debette
t al., 2010; Ho et al., 2010a,b, 2011a; Kurth et al., 2013) found the
xpected relationship between greater hippocampal atrophy and
ore adiposity, while Widya et al. (2011) and Bobb et al. (2012)

howed that more adiposity predicted less atrophy. Effect sizes
r correlations were generally small. Five of 10 reports examining
he insula (Ho et al., 2010a,b, 2011a; Raji et al., 2010; Hassenstab
t al., 2012; Kurth et al., 2013) found a negative association between
ower GM volume and more adiposity, whereas Taki et al. (2008)
howed more adiposity predicted more insula volume.

Ten of 14 studies examining frontal lobe volume found that more
diposity corresponded to greater atrophy (Gazdzinski et al., 2008;
aki et al., 2008; Ho et al., 2010a,b, 2011a; Walther et al., 2010;
rooks et al., 2013b; Karlsson et al., 2013; Kurth et al., 2013; Zade
t al., 2013). Two of these 15 studies examining frontal lobe volume
howed that higher adiposity predicted higher GM volume (Taki
t al., 2008; Ho et al., 2010a). Eleven of 14 studies examining PFC
ound that more adiposity was related to less GM volume (Taki et al.,
008; Gazdzinski et al., 2010; Ho et al., 2010a,b, 2011a; Walther
t al., 2010; Hassenstab et al., 2012; Brooks et al., 2013a; Karlsson
t al., 2013; Kurth et al., 2013; Zade et al., 2013). Among the 14
tudies assessing PFC, Taki et al. (2008) conversely found that more
diposity predicted more GM in PFC.

Finally, 7 of 12 studies examining global or regional WM
Gazdzinski et al., 2008; Ho et al., 2010a,b, 2011a; Driscoll et al.,
012; Karlsson et al., 2013; Metzler-Baddeley et al., 2013) found

 negative association between WM volume and more adiposity,
hile two other groups (Walther et al., 2010; Bobb et al., 2012)
oted the opposite relationship.

. Discussion

.1. Overall findings

The most consistent finding of studies in both younger and older
ohorts is that more adiposity is related to GM atrophy in frontal
obe and PFC. In middle-aged and aged adults, more adiposity is asso-
iated with temporal GM atrophy and to a lesser degree parietal GM
trophy. Adiposity is not consistently related to global and regional
M volume in any age group. The different findings for older and

ounger cohorts may  be due to methodology. For instance, almost all
f the reviewed studies in younger cohorts used BMI as an index of
diposity instead of WC,  WHR, or direct measures of fat mass. Alterna-
Please cite this article in press as: Willette, A.A., Kapogiannis, D., Does
http://dx.doi.org/10.1016/j.arr.2014.03.007

ively, younger people may not be affected by certain adiposity-related
echanisms of brain atrophy. For example, vascular disease requires

hronicity, and secretion of proinflammatory cytokines from adipose
issue, increases with age (Michaud et al., 2013). Finally, younger
 PRESS
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brains show greater plasticity in response to stressors and, which
may partially or wholly mitigate any deleterious effects of adiposity
(McEwen and Morrison, 2013).

For occipital lobe, most studies find no relationship with adi-
posity regardless of age. The few reported occipital associations
come almost exclusively from voxel-wise analyses, often as part of
a larger cluster that includes cerebellum. For parietal lobe, adipos-
ity is associated with GM volume in older adults but not children
and young adult cohorts. Generally, these associations are found
within superior and to a lesser extent inferior parietal areas.

The temporal lobe has received an immense amount of attention
for its role in AD (Beydoun et al., 2008) and learning and mem-
ory (Liang et al., 2013; Reinert et al., 2013). Reported associations
with adiposity are more consistent for the temporal lobe as a whole
than for hippocampus. Although no consistent pattern was appar-
ent in young cohorts, almost all methodologically rigorous studies
in older participants showed temporal atrophy with more adipos-
ity (Taki et al., 2008; Ho et al., 2010a,b; Raji et al., 2010; Walther
et al., 2010). Importantly, when higher visceral fat, a specific mea-
sure for central adiposity, was  studied in young (Weise et al., 2013)
and aged (Anan et al., 2010) adults, it also predicted lower temporal
volume. In general, adiposity had no associations with hippocam-
pus in younger cohorts. Among middle-aged and aged adults, on
the one hand, none of the studies examining hippocampal atrophy
longitudinally found any association with adiposity (Debette et al.,
2011; Bobb et al., 2012; Driscoll et al., 2012). Most null findings
studies used categorical BMI  comparisons, typically obese versus
lean, and used voxel-wise analysis. On the other hand, most of the
rigorous cross-sectional studies meeting our criteria did find a neg-
ative association between more adiposity and lower hippocampal
volume (Taki et al., 2008; Debette et al., 2010; Ho et al., 2010a;
Raji et al., 2010; Zade et al., 2013), while a report from Widya et al.
(2011) found a positive association with left hippocampal volume.

More adiposity predicting lower frontal GM,  and in particular
PFC volume, has by far been the most consistent finding in the
literature. Among studies of younger cohorts that met  our crite-
ria, roughly half found a frontal relationship (Pannacciulli et al.,
2006; Alosco et al., 2013; Weise et al., 2013) and half did not (Brain
Development Cooperative Group, 2012; Haltia et al., 2007; Yokum
et al., 2012). However, we  note that the Haltia and Yokum reports
found non-significant associations in frontal areas. The Brain Devel-
opment Cooperative Group sample was  also relatively lean (mean ± SD
BMI = 19.24 ± 4.3), which may explain the lack of association between
BMI and frontal GM. Among middle-aged and aged participants,
studies that did not find an association with regard to frontal GM
(Gustafson et al., 2004; Gunstad et al., 2008; Driscoll et al., 2012)
either used overly stringent error correction, or a qualitative index
of atrophy, or suffered from not including important covariates.

For global or regional WM,  adiposity was related to variation in
volume, but the directionality varied greatly, especially in partici-
pants less than 40 years of age. In the study by Haltia et al. (2007),
six weeks of a very low calorie diet reduced WM volume, such that
once obese participants no longer had more WM volume than lean
controls (Haltia et al., 2007), suggesting a dynamic modulation of
WM volume by obesity. Using DTI, which assesses the microstructural
integrity of WM axons and myelin using fractional anisotropy or mean
diffusivity of water (Song et al., 2002), several groups have found
that more adiposity consistently predicted lower WM microsctruc-
tural integrity among younger (Mueller et al., 2011; Xu et al., 2013),
middle-aged (Alkan et al., 2008; Stanek et al., 2011; Karlsson et al.,
2013), and aged (Marks et al., 2011; Metzler-Baddeley et al., 2013)
participants. This consistency in DTI findings may  be contrasted
 the brain shrink as the waist expands? Ageing Res. Rev. (2014),

with the inconsistent associations found between BMI  and WM vol-
ume, particularly in younger cohorts. In general, WM volumetric and
DTI studies offer complementary information, since aging or insults of
variable intensity may  decrease WM microstructural integrity without
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ecreasing (or even while increasing) WM volume (Kou et al., 2013;
seng et al., 2013). Collectively, these DTI results suggest that WM,
egardless of age, may  be less intact as adiposity increases.

.2. Adiposity and brain atrophy: potential mechanisms

.2.1. Inflammation
It is now well established that adipose tissue is not inert,

ut rather actively produces proinflammatory cytokines and
hemokines primarily via macrophage activation (Johnson et al.,
012). Inflammatory activity in the gut and brain is highly inte-
rated and bidirectional due to vagal innervation (Dantzer, 2004).
besity can induce gliosis and damage in the hypothalamus

n rodents and humans (Thaler et al., 2012), while a 5 month
igh-fat diet in male rodents leads to increased expression of
rostaglandin E2, cyclooxygenases, and reactive oxygen species in
at cortex, suggesting increased neuroinflammation and oxidative
tress (Zhang et al., 2005). Neuroinflammation is generally thought
o contribute to brain atrophy and worse cognitive performance
Wilson et al., 2002). Given their ease of acquisition, peripheral
ytokines reflecting systemic, and to some degree brain, inflamma-
ion are often used in combined biomarkers-neuroimaging studies.
igher concentrations of peripheral interleukin-6, a proinflam-
atory cytokine, are associated with less hippocampal volume

ross-sectionally in middle-aged (Marsland et al., 2008) and aged
Satizabal et al., 2012) adults. It is also relevant to highlight recent
oxel-wise studies in aged rhesus macaques on an ad libitum enriched
iet or long-term calorie restriction (CR; see 4.3.1.).  Higher periph-
ral levels of the proinflammatory cytokine IL-6 predicted less GM
olume or tissue density in temporal, frontal, and parietal regions
Willette et al., 2010). Conversely, higher peripheral concentrations
f the anti-inflammatory cytokine IL-10 among CR but not control
onkeys was associated with more volume or greater microstructural

ntegrity in similar regions, particularly dorsal PFC (Dantzer, 2004).
igher levels of the proinflammatory chemokine IL-8 have also
een related to lower volume exclusively in bilateral hippocam-
us for control but not CR monkeys (Dantzer, 2004). Central IL-8

s predominantly released by microglia in brain, particularly in
ippocampus and hypothalamus in at least rodents (Licinio et al.,
992), where IL-8 can have neurotoxic actions through secondary
ediators like amyloid-beta (Franciosi et al., 2005; Liu et al., 2010).

.2.2. Vascular risk factors
Cardiovascular risk factors, such as dyslipidemia (Launer, 2002),

idlife hypertension (Fillit et al., 2008), and other components of
he metabolic syndrome (Yaffe, 2007) can affect the brain vascula-
ure and may  additively contribute to increased AD risk. However,
isk factors examined individually show complex or inconsistent
esults with respect to brain volume and cognition. For example,
igh-density but not low-density lipoprotein or total cholesterol
oncentrations have been associated with lower hippocampal
olume and higher AD risk (Wolf et al., 2004), whereas hyperc-
olesterolemia in cognitively normal elders either does not show
his relationship (Debette et al., 2011) or predicts higher total cere-
ral volume, as suggested by the Rotterdam study (Hoogendam
t al., 2012). Treatment with statins may  decrease neurofibrillary
au pathology (Li et al., 2007) but not GM atrophy over time (ten
am et al., 2005).

Midlife systolic hypertension predicts declines in executive
unction over roughly a decade later, but no changes in total brain
r temporal horn volumes (Debette et al., 2011). Annualized medial
emporal atrophy over 2.4 years, however, is significantly asso-
Please cite this article in press as: Willette, A.A., Kapogiannis, D., Does
http://dx.doi.org/10.1016/j.arr.2014.03.007

iated with higher systolic and diastolic blood pressure but not
ipoproteins in elders (de Jong et al., 2014). Biomarkers of vas-
ular stiffness induced by impaired nitric oxide production may
ontribute to the development of small vessel disease, which is
 PRESS
earch Reviews xxx (2014) xxx–xxx

associated with brain atrophy in normally aging but not cognitively
impaired participants (Barnes et al., 2013). Indeed, a periph-
eral biomarker of impaired nitric oxide synthase, asymmetrical
dimethylarginine, predicts greater prevalence of stroke and sub-
clinical vascular injury manifested as WM hyperintensities (Pikula
et al., 2009).

4.2.3. Insulin resistance
In the brain, insulin normally facilitates microvascular blood

flow, glucose uptake, and glucose oxidation for ATP generation
(Cersosimo and DeFronzo, 2006). IR is defined broadly as reduced
cellular responsiveness to insulin (Goldstein, 2002), and is charac-
terized by higher insulin levels needed to maintain glucose levels in
the periphery and brain. Critically, IR develops in up to 40% of late
middle-aged adults who  are overweight or obese (Matsuzawa et al.,
2011). IR is found in AD patient brains (Giordano et al., 2007). For
example, hippocampal tissue from AD patients versus cognitively
normal controls shows impaired insulin signaling, reflecting brain
IR, which strongly predicted worse antemortem cognitive perfor-
mance (Talbot et al., 2012). IR may  also increase AD risk (Craft and
Watson, 2004; Schrijvers et al., 2010).

Higher IR also predicts less brain volume in AD-sensitive regions
in primates. In aged rhesus macaques, long-term calorie restriction
increased insulin sensitivity (i.e., lowered IR) derived from a glucose
tolerance test. Higher insulin sensitivity in CR but not control monkeys
was related to more volume in ventral PFC and bilateral hippocampus
(Willette et al., 2012a). Higher baseline IR in middle-aged adults at risk
for AD corresponded to less GM volume over 4 years, and IR was a medi-
ator of worse memory performance (Willette et al., 2013a). Although
there are many pathophysiological processes that may underlie
these associations, Bomfim et al. (2012) found that amyloid beta
oligomers injected into the brains of cynomologus monkeys lead
to neuron-specific increases in c-Jun N-terminal kinase (JNK) activ-
ity induced by tumor necrosis factor-alpha signaling, subsequent
serine phosphorylation of insulin receptor substrate-1 (IRS-1) in hip-
pocampus, and axonal transport dysfunction. These results suggest
that complex interactions between amyloid, inflammation, and
insulin resistance may  disrupt tissue function and could eventually
lead to tissue atrophy.

4.2.4. Glucocorticoid and brain-derived neurotrophic factor
signaling

Obesity can induce higher cortisol secretion through increased
hypothalamic-pituitary-adrenocortical axis activity (Bjorntorp,
1996). Many studies, such as in Lupien et al. (1998), have shown
that higher cortisol levels may  be associated with brain atrophy
and worse cognitive performance. In rodents, streptozocin-induced
diabetes resulted in deficits in hippocampal synaptic plasticity
partly via elevated corticosterone (Stranahan et al., 2008). More
recent evidence suggests that obesity per se, in at least adolescents,
mediates the relationship between higher waking cortisol response
and atrophy in hippocampus and frontal lobe (Ursache et al., 2012).
Indeed, mediation of the awakening cortisol secretion response by
hippocampus and PFC is dysregulated in obesity (Dedovic et al.,
2009).

One potential mechanism underlying the effects of cortisol may
be decreased brain-derived neurotrophic factor (BDNF), a key mod-
ulator of synaptic activity in hippocampus and other areas (see
Pluchino et al., 2013). Restraint stress in rodents raised periph-
eral cortisol and lowered BDNF mRNA expression in hippocampus
(Walton et al., 2012). Dexamethazone, a synthetic glucocorticoid,
lowered rodent BDNF levels in cultured hippocampal neurons
 the brain shrink as the waist expands? Ageing Res. Rev. (2014),

(Strle et al., 2004). By contrast, lowering corticosterone levels
in diabetic/diabetic (db/db) transgenic mice selectively restored
BDNF mRNA expression in hippocampal dentate gyrus (Stranahan
et al., 2011). Thus, increased glucocorticoid signaling may  have
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ownstream effects via BDNF that may  have downstream effects
uch as reduced synaptic plasticity and induced atrophy.

.3. Adiposity and brain atrophy: evidence from interventions

.3.1. Calorie restriction and weight loss
Calorie restriction, or CR is defined as limiting caloric intake

ithout loss of nutrient content. CR reduces central adiposity in
hesus monkeys (Colman et al., 2009) and humans (Johnson et al.,
007; Harvie et al., 2011, 2013). In the longitudinal University of
isconsin-Madison study on 30% long-term, chronic CR in aged

hesus macaques (see Colman et al., 2009 for an overview), long-
erm CR helped to preserve GM volume bilaterally in temporal
nd frontal cortices, insula, cingulate cortex, and sub-cortical areas
Colman et al., 2009), as well as WM volume in the centrum semio-
ale, corpus callosum, and several occipital and parietal tracts
Bendlin et al., 2011).

Furthermore, beneficial effects of CR were noted for peripheral
nflammation, vascular factors, insulin sensitivity, and other blood-
ased parameters that may  have indirect ameliorative effects on
rain volume, tissue microstructural integrity, and cognition. As
oted above, long-term CR reduced IL-6 and IL-8 while increas-

ng concentrations of IL-10 (Dantzer, 2004; Willette et al., 2010,
013b). CR monkeys showed a weaker or non-significant associ-
tion with lower PFC and hippocampal volume or microstructure
er point increase in IL-6 or IL-8, whereas associations between
igher IL-10 and brain indices were significantly stronger. These
esults suggest an ameliorative effect of CR on brain atrophy
ia reduced pro-inflammatory and increased anti-inflammatory
eripheral interleukins, which to a degree reflect their central con-
entrations.

In addition CR monkeys showed less WM atrophy and more
icrostructural density per point higher homocysteine levels pri-
arily in brainstem and cerebellum, as well as less GM atrophy

n occipital, hippocampal, caudoputamen, and anterior cingulate
reas (Willette et al., 2012b). CR also considerably reduced stress
eactivity (Willette et al., 2012c), where aged monkeys on CR
howed less corresponding atrophy per point increase in a z-scored
tress factor in many WM tracts, as well as similar amelioration
n GM volume or microstructural density for orbital PFC and hip-
ocampus. Finally, CR monkeys had many fewer perseverative
rrors and achieved task criterion in fewer trials for the most com-
licated Wisconsin Card Sort Test set-shifting tasks (Sridharan et al.,
012). Fewer errors corresponded to more GM in orbital PFC, an
rea where CR monkeys have more volume.

In regards to human weight loss intervention studies, we have
lready referred to the study by Haltia et al. (2007) that found that
M,  but not GM,  volume may change after a 6 week very low calo-

ie diet. This result is inconsistent with the retrospective study by
assenstab et al. (2012) that found that previously obese people who
ad maintained weight loss for 3 years did not have different GM or
M thickness from either lean or obese groups. More dietary interven-

ion studies are needed to determine whether or not weight loss has
ny effects on adiposity and brain associations.

.3.2. Exercise
Non-sedentary adults are less likely to develop AD (Rockwood

nd Middleton, 2007). Cardiorespiratory fitness in early AD, but
ot cognitively normal controls, is associated with less whole brain
trophy (Burns et al., 2008). A 24-week moderate-intensity exer-
ise program can modestly reduce cognitive decline in cognitively
mpaired adults without dementia (Lautenschlager et al., 2008).
Please cite this article in press as: Willette, A.A., Kapogiannis, D., Does
http://dx.doi.org/10.1016/j.arr.2014.03.007

y extension, moderate aerobic exercise can also have benefi-
ial effects on the brain. Erickson et al. (2011) recently found in
0 aged, previously sedentary adults that moderate aerobic exer-
ise (i.e., walking) led to increased anterior hippocampal volume
 PRESS
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1 year after baseline by roughly 2%, whereas 60 controls showed
age-typical atrophy over 1 year of roughly 1.4%. Nevertheless, cog-
nitive performance on word list recall and ADAS-Cog remained
comparable between groups. Curiously, however, 93 aged women
who engaged in once- or twice-weekly resistance training showed
improved Stroop executive function performance, but not set-
shifting or working memory, after 1 year compared to 42 controls
(Liu-Ambrose et al., 2010). Curiously, the resistance training group
but not the controls showed a modest decrease in total brain vol-
ume.

5. Conclusions

Obesity is a common health concern that clearly increases the
risk for developing cardiovascular disease, various cancers, and
AD. Contrary to many statements that appear in the literature and
suggest a strong association between more adiposity and brain
atrophy, our systematic review demonstrated that more adiposity
has regionally selective and typically modest to moderate associa-
tions with brain atrophy. Frontal lobe atrophy, and in particular PFC,
is most consistently associated with more adiposity in younger and
older cohorts. Associations between more adiposity and lower pari-
etal volumes were seen only in older cohorts, but not in precuneus
or posterior cingulate areas, which are of particular interest for their
role in AD. Hippocampal atrophy is not consistently linked with adi-
posity. The association between more adiposity and increased AD
risk (Beydoun et al., 2008) may  be mediated by factors other than
hippocampal atrophy.

To further clarify these associations, it is important for future
studies to quantitatively assess visceral fat mass and non-fat mass,
and obtain longitudinal measures of brain atrophy. Weise et al.
(2013), for example, found that associations between higher non-
fat mass and brain atrophy were robust, whereas findings with fat
mass were rendered non-significant after covarying non-fat mass.
Longitudinal TBM has been used to assess modest associations
with insulin resistance and brain atrophy using Jacobian determi-
nant maps (Willette et al., 2013a), which may  be more sensitive to
regional variation than anatomical ROI approaches. Neuroimaging
approaches optimized for longitudinal studies could be included
in studies that study anti-obesity interventions, such as in calorie
restriction, not only to establish associations between brain volume
loss over time and adiposity, but also to assess the reversibility of
underlying pathophysiological mechanisms.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.arr.2014.03.007.
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