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1.1	 Background and definitions

1.1.1	 Scientific definitions of obesity

Obesity is the abnormal or excessive accu-
mulation of body fat that results from energy 
imbalance, i.e. energy intake exceeding energy 
expenditure, and presents a risk to health. 
Obesity is both a condition and an important 
risk factor for other noncommunicable diseases, 
including diabetes, cardiovascular disease, and 
many types of cancer.

Overweight and obesity in humans are often 
classified by the body mass index (BMI), which 
is obtained by dividing the body weight (in kilo-
grams) by the square of the height (in metres).

In adults, overweight is defined as BMI 
≥ 25 kg ⁄m2 and obesity as BMI ≥ 30 kg ⁄m2 (WHO, 
2000). Obesity can be further classified, by level 
of severity and the corresponding different 
medical approaches for treatment, into class I 
(30–34.9  kg ⁄m2), class II (35–39.9  kg ⁄m2), and 
class III (≥ 40 kg ⁄m2) obesity (Table 1.1). In chil-
dren younger than 5 years, overweight is defined 
as a weight-for-height more than 2 standard 
deviations (SD) above the WHO Child Growth 
Standards median, and obesity is often defined 
as a weight-for-height more than 3 SD above the 
WHO Child Growth Standards median. In chil-
dren and adolescents from age 5 years to younger 
than 19 years, overweight and obesity are defined 
as a BMI-for-age more than 1 SD and more than 
2 SD, respectively, above the WHO Growth 
Reference median (WHO, 2016, 2017a, b).

1.1.2	 Cultural definitions of obesity

Perceptions of overweight and obesity can 
vary across different settings and populations. 
People who are overweight or obese may be 
admired or may be stigmatized, depending on 
contextual, cultural, spiritual, and other relevant 
factors.

It is well documented that in many popul-
ations, overweight and obese people are discrim-
inated against and stigmatized because of their 
physical appearance – in interpersonal settings, 
in the workplace, and in health-care settings 
(Link & Phelan, 2001; Puhl & Brownell, 2001; 
Sikorski et al., 2011; Spahlholz et al., 2016). 
Stigmatization of children is also common, 
leading to rejection and harassment, especially 
in educational settings (Puhl & Brownell, 2001).

In contrast, in cultures where overweight 
and obesity in children are viewed favourably, 
an obese child may be seen as having a healthy 
body status (Peña et al., 2012) and as a reflection 
of good parenting (Brown, 1991). Favourable 
perceptions of increased body weight can also 
lead to inaccurate interpretations of a “healthy” 
body weight when parents assess the weight of 
their children. In a systematic review based on 13 
studies, 13% to 100% of the parents interviewed 
underestimated the obesity status of their child, 
and in six studies 70% or more of the parents 
were unable to identify their child as overweight 
(Tompkins et al., 2015). In cultures that favour 
larger body size, women of reproductive age 
who are overweight may be perceived as having 

1. BODY FATNESS
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been well cared for and, by extension, will care 
for their children in a similar manner. In such 
cultures, increased body weight can be linked to 
favourable qualities such as self-worth, health, 
prosperity, and maternity. For men, overweight 
and obesity can symbolize (in addition to good 
health) economic success, political power, or 
social status, and in some societies the power of 
the elders or leaders (Brown, 1991).

Positive perceptions of large body size in 
cancer survivors have been reported among 
cancer care clinicians. Until the past few 
decades, cancer was frequently diagnosed at 
a late stage of the disease, in which weight loss 
was a major diagnostic sign. However, with early 
detection programmes, many cancer survivors 
are overweight and obese and suffer obesity-re-
lated comorbidities (e.g. diabetes). In a weight-
loss feasibility trial in overweight patients with 
colorectal cancer, Anderson et al. (2010) reported 
that clinicians describe avoidance of weight loss 
as desirable and express concern about reported 
weight loss (even intentional weight loss). In 
a study of colorectal clinicians in the United 
Kingdom and Ireland, Anderson et al. (2013) 
reported that current opinion and practice are 
influenced by the lack of evidence for the impact 
of weight management on health, and by a belief 
that weight gain is good and weight loss is bad in 
the cancer setting.

1.1.3	 Body fatness as a public health problem

Until recently, obesity was perceived as being 
an issue of an individual’s behaviour. As a result, 
interventions for the prevention and treatment 
of obesity were focused on the individual level 
(Caballero, 2007). This perception has changed 
with the increasing awareness of the influence 
of external environmental factors on obesity 
(e.g. the built environment, the marketing of 
food and beverages), and obesity is now seen as 
a health problem that demands a social response 
(Opalinski, 2013); this is recognized both by the 
public and by health-care professionals (Obesity 
Society, 2014; see Sections 1.3.6 and 1.3.7).

1.2	 Prevalence and trends

1.2.1	 Prevalence and trends in adults

Worldwide, in 2014 more than 640  million 
adults (14% of adults) were obese, 6  times the 
number in 1975; of those, more than 18% lived 
in high-income English-speaking countries, and 
13.9% lived in the Middle East and North Africa 
(NCD Risk Factor Collaboration, 2016).

From 1975 to 2014, the average weight of 
the population increased in all world regions; 
during those four decades, the global prevalence 
of underweight decreased and the global prev-
alence of obesity increased, so that the number 
of obese adults surpassed the number of under-
weight adults (NCD Risk Factor Collaboration, 

Table 1.1 Overweight and obesity cut-off values

Population Measure Overweight Obese Obese I Obese II Obese III

Adults BMI (kg/m2) ≥ 25.0 ≥ 30.0 30.0–34.9 35.0–39.9 ≥ 40.0
Children
  < 5 years Weight-for-height > 2 SDa > 3 SDa – – –
  5–19 years BMI-for-age > 1 SDb > 2 SDb – – –

a Above the WHO Child Growth Standards median
b Above the WHO Growth Reference median
BMI, body mass index; SD, standard deviation.
Sources: WHO (2000, 2016, 2017a, b)
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2016). The global average BMI in the adult 
population (≥ 18 years) in 1975 was 21.7 kg/m2 
in men and 22.1 kg/m2 in women, and by 2014 
these averages had increased to 24.2  kg/m2 in 
men and 24.4  kg/m2 in women, according to 
the latest available estimates (NCD Risk Factor 
Collaboration, 2016). This means that between 
1975 and 2014, the average weight of a man with a 
height of 170 cm increased by about 7 kg, and that 
of a woman with a height of 160 cm increased by 
about 6 kg. This general increase in the average 
BMI affected both high-income countries and 
low- and middle-income countries.

The overall increase in the average BMI 
corresponded to a general increase in the preva-
lence of obesity. In 2014, the global prevalence of 
obesity in the adult population was 10.8% in men 
and 14.9% in women, ranging from less than 
1% (Burundi) to almost 50% (Cook Islands and 
French Polynesia) in men, and from less than 
3% (Timor-Leste and Japan) to more than 58% 
(American Samoa) in women (NCD Risk Factor 
Collaboration, 2016; Fig. 1.1). In 2014, the preva-
lence of obesity was lowest in low-income coun-
tries, whereas lower-middle-, upper-middle-, 
and high-income countries were characterized 
by a high level of heterogeneity; in countries in 
any of these three income categories, the highest 
prevalence of obesity was more than 40% in men 
and about 55% in women. In general, the prev-
alence of obesity was higher in women than in 
men, but trends over the four decades suggested 
a greater increase in the prevalence of obesity in 
men. However, it should be noted that despite the 
worldwide increase in the prevalence of obesity 
and the fact that the number of obese adults is 
now higher that the number of underweight 
adults, the proportion of the population that is 
underweight is still very high (>  20%) in some 
countries (India and Bangladesh) (NCD Risk 
Factor Collaboration, 2016).

In light of the obesity epidemic, there is an 
increasing interest in understanding weight-loss 
strategies in the population. A study of university 

students in 22 countries in different regions of 
the world suggested that the prevalence of trying 
to lose weight increases with levels of BMI, and is 
higher in women than in men at any given BMI 
level (Wardle et al., 2006). Similarly, figures from 
a survey of European Union citizens aged 15 years 
and older showed that 34% of people reported 
changing their eating and drinking behaviour to 
lose weight, a percentage that increased to 48% 
among those who perceived their weight as being 
too high (European Commission, 2006).

With earlier diagnosis and improved cancer 
treatments, many cancer survivors have similar 
BMI levels to those of the general population; in 
addition, some cancer treatments may induce 
weight gain. Data on BMI distribution by cancer 
diagnosis are not routinely reported. It was 
found that 47.3% of patients with breast cancer 
had a BMI greater than 25 kg/m2 (Nichols et al., 
2009), and in a cohort of colorectal cancer survi-
vors, 29.1% were obese (Rohan et al., 2015). Gross 
et al. (2015) reported that breast cancer survivors 
gained weight at a higher rate than their cancer-
free peers. The implications of high body mass 
for treatment dosing, subsequent morbidity, 
and recurrence are not fully understood (see 
Section 2.4).

1.2.2	 Prevalence and trends in children and 
adolescents

Recent estimates have shown a rapid rise in 
the prevalence of overweight and obesity in chil-
dren and adolescents worldwide; however, trend 
analyses in developed countries have shown a 
tendency for the prevalence to stabilize starting 
from mid-2000 (Ng et al., 2014; UNICEF, WHO, 
and World Bank Group, 2015). The long-term 
impact of obesity during childhood and adoles-
cence is a higher risk of obesity during adulthood 
(Guo & Chumlea, 1999; Freedman et al., 2005; 
Singh et al., 2008).

The WHO European Childhood Obesity 
Surveillance Initiative (COSI), established in 
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32 Fig. 1.1 Prevalence of obesity (BMI ≥ 30 kg/m2) by sex and country in 2014
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2007 to monitor changes in the prevalence 
of overweight (including obesity) in primary 
schoolchildren, reported that in 2009–2010 the 
prevalence of overweight ranged from 18% to 57% 
in boys and from 18% to 50% in girls; 6–31% of 
boys and 5–21% of girls were obese (Wijnhoven 
et al., 2014). A recent position statement from the 
European Association for the Study of Obesity 
(EASO) Childhood Obesity Task Force (COTF) 
classified obesity as a chronic disease in children 
and adolescents (Farpour-Lambert et al., 2015).

In 2013, about 110  million children and 
adolescents worldwide aged 2–19 years (preva-
lence of 4.7%) were obese (IHME, 2014), almost 
twice the number in 1980. In 2013, 24% of boys and 
22% of girls living in high-income countries were 
overweight or obese, whereas the corresponding 
percentages observed in low- and middle-income 
countries were about 13% for boys and girls (Ng 
et al., 2014). The highest prevalence of obesity in 
children and adolescents was observed in North 
America (Canada and the USA) for both boys 
(12.1%) and girls (13.0%). The next-highest prev-
alences were seen in southern Latin America for 
boys (~10%) and in North Africa and the Middle 
East for girls (~10%). The lowest prevalence was 
observed in South Asia for both sexes. In 2013, 
the two countries with the highest prevalence 
of obesity for both boys and girls were Kiribati 
and Samoa, where 20% of boys and 33% of girls 
were obese; similar prevalences were observed 
in Qatar for boys and in the Federated States of 
Micronesia for girls, whereas prevalences were 
less than 1.5% for boys and girls in Bangladesh 
and the Republic of Korea.

Independently of the level of income, sex 
differences in the prevalence and trends of over-
weight and obesity were small (Ng et al., 2014). 
Nevertheless, the prevalence of obesity was 
higher in boys than in girls in 70% of low-income 
countries and in 63% of high-income countries; 
the corresponding percentage in lower-middle- 
and upper-middle-income countries was 33% 
(IHME, 2014; Ng et al., 2014).

According to estimates from the United 
Nations Children’s Fund (UNICEF), WHO, and 
the World Bank Group, the number of over-
weight children younger than 5 years has been 
increasing steadily everywhere in the world; 
in 2014, almost 50% of all overweight children 
younger than 5  years lived in Asia, and about 
25% lived in Africa (UNICEF, WHO, and World 
Bank Group, 2015).

Similarly to findings for adult cancer survi-
vors, a study of paediatric cancer survivors 
reported that boys aged 6–11  years were more 
likely to be overweight than the general popul-
ation (Nathan et al., 2006).

1.2.3	 Prevalence by age and sex

Several studies in the USA and Europe, 
using cross-sectional data, have shown that BMI 
increases with age up to the sixth decade of life 
and then starts to decrease (Flegal et al., 2002; 
Vasan et al., 2005; Ogden et al., 2006). However, 
results from cohort studies suggest a more 
modest decline in BMI at older ages (Grinker 
et al., 1995). This difference in findings may be 
due to higher mortality rates at younger ages in 
the obese population, leading to a lower prev-
alence of obesity in the surviving older popul-
ation. Ageing is also associated with a change 
in body composition, with a decline in fat-free 
mass, which may cause a decrease in weight, and 
therefore in the measured obesity (Villareal et al., 
2005). [The validity of assessing obesity by BMI is 
limited in elderly people (see Section 1.4.2).]

The prevalence of obesity and its association 
with age vary widely across countries, showing 
both similarities and differences regardless of 
the socioeconomic level of the country (IHME, 
2014). For example, low prevalences of obesity 
are observed at all ages in China, Ethiopia, India, 
and Japan (Fig. 1.2), whereas in Colombia, France, 
the Islamic Republic of Iran, New Zealand, the 
Russian Federation, and the USA the prevalence 
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increases with age, followed by a decrease later 
in life.

The difference between the prevalence of 
obesity in men and in women is only weakly 
associated with the level of socioeconomic devel-
opment of the country. The prevalence of obesity 
is markedly higher in women than in men in 
Colombia,  the Islamic Republic of Iran, and the 
Russian Federation, whereas a smaller differ-
ence or no difference is observed, for example, 

in China, Ethiopia, France, India, Japan, New 
Zealand, and the USA.

1.2.4	 Prevalence by ethnicity

Several studies have examined the associ-
ation between ethnicity and obesity, mainly in 
high-income countries with high levels of immi-
gration (e.g. the United Kingdom and the USA), 
but very little evidence is available for low- and 
middle-income countries.

Fig. 1.2 Prevalence of obese population by age and sex in selected countries
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Studies in the USA have clearly shown 
differences in health between different ethnic 
groups (Murray et al., 2005; Caprio et al., 2008; 
Ogden et al., 2014). The prevalence of obesity 
in the adult population (≥ 20 years) was almost 
50% in non-Hispanic Blacks (37.1% in men and 
56.6% in women), more than 42% in Hispanics 
(40.1% in men and 44.4% in women), about 32% 
in non-Hispanic Whites, and almost 11% in 
non-Hispanic Asians (Ogden et al., 2014). The 
prevalence of obesity in children and adolescents 
(2–19  years) was 22.4% in Hispanics, 20.2% in 
non-Hispanic Blacks, 14.1% in non-Hispanic 
Whites, and 8.6% in non-Hispanic Asians (Ogden 
et al., 2014). Similarly, important ethnic differ-
ences have been observed in England (National 
Obesity Observatory, 2011). According to data 
from the Health Survey for England 2004, in 
women the prevalence of obesity was highest for 
Black African women (38%), followed by Black 
Caribbean (32%) and Pakistani (28%) women, 
and lowest in Chinese women (6%). The largest 
gap between the sexes was observed among 
the Black African, Pakistani, and Bangladeshi 
groups, in which the prevalence of obesity in 
women was 1.9–2.8 times that in men. In addi-
tion, data from the National Child Measurement 
Programme in England in the 2012–2013 school 
year compared the prevalence of obesity in 
children aged 4–5  years and 10–11  years. The 
prevalence of obesity was highest among “Asian 
or Asian British”, “Black or Black British”, and 
“Other than White, Chinese, and Mixed” chil-
dren, with levels of 20–30% (Health and Social 
Care Information Centre, 2013). [These differ-
ences may be partly due to differences in socio-
economic status.]

A study of the ethnic differences in obesity 
among immigrants to Norway from low- and 
middle-income countries showed large vari-
ability in general adiposity among different 
ethnicities (Kumar et al., 2006). Whereas 50% 
of Turkish women were obese, the levels of 
other anthropometric indicators, such as waist 

circumference, were higher among the Pakistani 
and Sri Lankan groups, and these differences 
persisted after adjustment for sociodemographic, 
biological, and lifestyle factors.

As a way of avoiding biases when comparing 
data, it has been suggested to define different 
obesity cut-off values when comparison between 
ethnicities is performed (see Section 1.4.2(ii)).

1.2.5	 Prevalence by social class and 
education

The association between socioeconomic 
status and prevalence of overweight and obesity 
changes according to the level of economic devel-
opment of the country (Dinsa et al., 2012). Lower 
socioeconomic status is protective against obesity 
in low-income countries, whereas it is a risk factor 
for obesity in middle- and high-income coun-
tries, mostly in women (Monteiro et al., 2004a, 
b; Dinsa et al., 2012). Similar patterns have been 
observed in children. Studies in high-income 
countries have shown an inverse association 
between socioeconomic status and child obesity 
(Lamerz et al., 2005; Shrewsbury & Wardle, 
2008; Due et al., 2009). For example, data from 
the National Child Measurement Programme in 
England in the 2012–2013 school year showed 
a positive association [increasing deprivation 
leads to increasing prevalence] between level of 
deprivation and prevalence of obesity in children 
aged 4–5 years and 10–11 years (Fig. 1.3). Using 
the deciles of the Index of Multiple Deprivation 
2010 (Department for Communities and Local 
Government, 2011), children in the most deprived 
decile had a prevalence of obesity twice that 
observed in the least deprived decile, with a prev-
alence of about 10% in children aged 4–5 years 
and about 20% in children aged 10–11  years 
(National Obesity Observatory, 2012; Health 
and Social Care Information Centre, 2013). In 
contrast, in low-income countries the associa-
tion is inverted, and children in affluent groups 
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are more likely to be obese (Dinsa et al., 2012; 
Lissner et al., 2016).

As is the case for the socioeconomic level, BMI 
has been shown to be positively associated with 
education in lower-middle-income countries 
in women, and for men also in middle-income 
countries, whereas in high-income countries an 
inverse association was observed between level of 
education and BMI in women and no association 
was seen in men (Di Cesare et al., 2013; Fig. 1.4; 
see also Section 1.3.7).

1.3	 Risk factors

1.3.1	 Regulation of hunger and satiety

The current epidemic of obesity suggests 
that the processes of satiety and body weight 
control are not tightly regulated, and physiolog-
ical systems appear to permit fat storage when 
humans are exposed to sensory stimulation 

(e.g. palatability and taste) and opportunities 
for high energy intakes (hedonic response) 
(Blundell & Finlayson, 2004). In addition, a 
range of psychological factors can affect appe-
tite control, including stress, mood, and guilt. 
Polymorphisms in the fat mass and obesity- 
associated gene (FTO) are associated with 
increased food intake, which is thought to be due 
to the effect of the gene on ghrelin and its role 
in appetite control (Eissing, 2013; Benedict et al., 
2014). Thus, it seems that alterations in appetite 
control and subsequent food intake (rather than 
metabolic effects) are important factors for posi-
tive energy balance in humans.

The hypothalamus is the main regulatory 
organ for human appetite; peripheral signals from 
adipose tissue and the gastrointestinal system are 
delivered to the hypothalamus to influence short-
term food intake (Lean & Malkova, 2015) (see 
also Sections 4.3.4a and 4.3.6b). Of the several 
adipokines produced by white adipose tissue, 
only leptin appears to have a significant effect on 
appetite suppression (Blundell et al., 2015a, b); 
in contrast, more than 30 gut-derived peptides, 
including hormones and neuropeptides, are 
known to affect appetite (Lean & Malkova, 
2015). Meal ingestion results in production of 
hormones from enteroendocrine cells found at 
multiple sites in the digestive system (stomach, 
proximal/distal small intestine, pancreas, and 
colon). Gut hormones inhibit or stimulate food 
intake (anorexigenic or orexigenic effects). Key 
anorexigenic gut peptides include glucagon-like 
peptide-1 (GLP-1) and peptide YY (PYY), whereas 
ghrelin is a gut hormone with potent orexigenic 
effects. Interest in the effect of bariatric surgery 
on long-term appetite control has highlighted 
the role of gut hormones (Chakravartty et al., 
2015). Lean & Malkova (2015) reported that 
diet-induced weight loss affects gut hormones 
and favours increased appetite (and therefore 
weight regain), whereas physical exercise favours 
enhanced satiety (supporting maintenance of 
weight loss). They postulated that the sustained 

Fig. 1.3 Prevalence of obesity by age and decile 
of Index of Multiple Deprivation in England

Adapted from National Obesity Observatory (2012). NOO data 
factsheet: child obesity and socioeconomic status. Available from: 
http://webarchive.nationalarchives.gov.uk/20160805121933/http://
www.noo.org.uk/uploads/doc/vid_16967_ChildSocioeconSep2012.
pdf.

http://webarchive.nationalarchives.gov.uk/20160805121933/http://www.noo.org.uk/uploads/doc/vid_16967_ChildSocioeconSep2012.pdf
http://webarchive.nationalarchives.gov.uk/20160805121933/http://www.noo.org.uk/uploads/doc/vid_16967_ChildSocioeconSep2012.pdf
http://webarchive.nationalarchives.gov.uk/20160805121933/http://www.noo.org.uk/uploads/doc/vid_16967_ChildSocioeconSep2012.pdf
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weight loss achieved by bariatric surgery may in 
part be mediated via favourable changes to gut 
hormones.

There has been much speculation about the 
concept of a physiological “set point” that is auto-
matically adjusted to maintain weight. Recent 
evidence suggests that structural changes in the 
hypothalamus may lead to a “reset”, and thus 
maintain an increased body weight.

1.3.2	 Weight gain throughout the life-course

The association of noncommunicable diseases 
in adulthood with nutrient status during preg-
nancy was proposed in 1990 (Barker, 1990), and 
there is substantial evidence supporting an early-
life origin of susceptibility to obesity in later life 
(Scientific Advisory Committee on Nutrition, 
2011). Both prenatal and postnatal factors, influ-
encing fetal and infant growth, development, 
birth weight, and programming of metabolism, 
have been implicated in the later development 
of obesity. Overall, it is difficult to disentangle 
the impact of single early-life risk factors in the 
development of adult obesity.

Maternal obesity is associated with both 
large-for-gestational-age babies and macrosomia 
(birth weight >  90th percentile). It has been 
reported that in women with a pre-pregnancy  
BMI greater than 30  kg/m2, the likelihood of  
having a large-for-gestational-age baby is 
3.75 times that in women with a BMI less than 
30 kg/m2, and that large-for-gestational-age babies 
have both higher insulin resistance and higher 
free fatty acid levels (Liu et al., 2013). There is 
global concern about the number of women in 
developing countries who enter pregnancy with 
excess body weight (WHO, 2011; Torloni et al., 
2012).

Systematic reviews of studies mainly in 
developed countries have demonstrated a posi-
tive association between birth weight and BMI 
in later life. The association has been described 
as strongest in children and young adults and 
weaker in middle-aged adults. It has been estim-
ated that a 1 kg increment in birth weight is asso-
ciated with a rise of 0.5–0.7 kg/m2 in the BMI of 
young adults (Scientific Advisory Committee on 
Nutrition, 2011). Some studies suggest that both 
low and high birth weight are associated with 
subsequent risk of obesity in children and young 

Fig. 1.4 Mean BMI by education level in adults aged 25–64 years in selected countries
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adults; however, a meta-analysis of 66  studies 
from 26 countries shows that low birth weight 
(< 2500 g) is followed by a decreasing long-term 
risk of overweight, whereas high birth weight 
predisposes to being overweight in later life 
(Schellong et al., 2012).

The role of maternal diet (both quantity 
and quality) during pregnancy is of particular 
interest with respect to fetal developmental 
programming (Liu et al., 2013), and it is plausible 
that epigenetic mechanisms are responsible for 
the associations between birth weight and risk of 
overweight later in life (Dominguez-Salas et al., 
2014; Tobi et al., 2014).

Weight trajectories during infancy are influ-
enced by breastfeeding and complementary 
feeding practices, which in turn influence body 
fatness in childhood and growth patterns (Poskitt 
& Breda, 2012; Bagci Bosi et al., 2016). There is 
growing evidence from recent reviews of obser-
vational studies that breastfeeding is associated 
with a decreased risk of becoming overweight 
later in life (Weng et al., 2012; Horta et al., 2015). 
Horta et al. (2015) reported an odds ratio (OR) 
of 0.74 (95% confidence interval [CI], 0.70–0.78) 
that people who were breastfed as babies were 
less likely to be classified as overweight or obese 
at ages 1–9 years, 10–19 years, and 20 years and 
older.

Feeding choices during infancy and child-
hood are influenced by parental factors, food 
availability, and other socioeconomic factors, 
including cultural norms, peer effects, and the 
marketing of food and beverages (Boyland et al., 
2016). However, current research findings on 
the type of complementary foods and the age at 
which complementary foods are introduced into 
the infant diet and subsequent body fatness are 
inconsistent (Langley-Evans, 2015). 

The development of overweight during child-
hood appears to track into adult life (Brisbois 
et al., 2012); however, a systematic review showed 
that childhood BMI is not a good predictor of the 
incidence of adult obesity or overweight, because 

most obese adults were not obese in childhood 
(Simmonds et al., 2015). Observational studies in 
industrialized countries have shown a consistent 
association of poor early growth followed by rapid 
catch-up in infancy with later obesity in child-
hood and adulthood (Monasta et al., 2010). An 
early adiposity rebound (a period of increasing 
BMI after the early childhood nadir), which 
usually occurs at ages 4–8  years, is associated 
with high body weight in later life (Williams & 
Goulding, 2009; Brisbois et al., 2012). Nutritional 
stunting (usually caused by chronic undernutri-
tion) during childhood is also positively asso-
ciated with overweight and obesity in later life 
(Popkin et al., 1996; Black et al., 2013). 

Several studies have reported an association 
between parental smoking and later obesity 
in the offspring, with the greatest effect from 
maternal smoking (Power et al., 2010; Dior et al., 
2014; Wang et al., 2014; Han et al., 2015). Prenatal 
maternal exposure to smoking (including 
secondhand tobacco smoke) was associated with 
increased risk of obesity in adolescents, inde-
pendent of birth weight (Wang et al., 2014).

Throughout adult life, there are further 
periods or key life events associated with weight 
gain, including student life, the transition from 
single status to marriage or cohabitation, diet 
and activity behaviours during pregnancy, 
postpartum weight retention, the demands of 
employment, unemployment and job loss, the 
demands of parenting, and physiological changes 
associated with the ageing process (including 
menopause) (WHO Regional Office for Europe, 
2016). Maternal weight gained during pregnancy 
is also associated with the likelihood of weight 
retention in the mother in the postpartum 
period and beyond. It is estimated that in the 
USA 50–67% of women gain more weight during 
pregnancy than is considered desirable by the 
United States Institute of Medicine (now known 
as the National Academy of Medicine) (Liu et al., 
2013). It is likely that the metabolic load of exclu-
sive breastfeeding (~500 kcal per day) can help 
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women in losing the weight gained during preg-
nancy, although results have been inconsistent 
(Bobrow et al., 2013; Jarlenski et al., 2014; Neville 
et al., 2014; Palmer et al., 2015).

Physiological changes associated with 
the ageing process influence weight gain (see 
Section 1.2.3). Comorbidities also have the poten-
tial to increase weight gain, for example through 
the action of different treatment modalities 
(Leslie et al., 2007; Rummel-Kluge et al., 2010; 
McPheeters et al., 2011; Almandil et al., 2013). 
Unintentional weight loss has also been reported 
as a side-effect of several therapeutic agents, 
and this is usually dose-dependent (Leslie et al., 
2007).

1.3.3	 Excessive energy intake

(a)	 Total energy intake

Obesity is determined primarily by increased 
total energy intake (Vandevijvere et al., 2015), 
which itself is influenced by portion size, the 
frequency of consumption, and the energy 
density of food and drinks consumed (Ello-
Martin et al., 2005). Assessing total energy 
intake is challenging in epidemiological studies, 
because of measurement error, including selective 
underreporting by overweight and obese people 
(Livingstone & Black, 2003) and the inability to 
quantify energy provided by the colonic micro-
biome (Rahat-Rozenbloom et al., 2014). Because 
objective measures of energy intake do not exist 
(de Jonge et al., 2007), the best long-term indi-
cator (or life-course indicator) of positive energy 
balance is weight gain (Hill et al., 2012). Weight 
gain cannot differentiate between the proportions 
of fat and lean tissues gained, but in most adults it 
is primarily determined by gain in adipose tissue 
(Okorodudu et al., 2010). The amount of adipose 
tissue gained over time depends on the degree 
of positive energy balance, the duration of the 
energy surplus, and the body composition before 
weight gain (Schutz et al., 2014).

(b)	 Macronutrient composition of diet

(i)	 Total fat
There has been a lack of consensus about 

whether the macronutrient composition of the 
diet is a significant determinant of body fatness 
(Bray & Popkin, 1998; Willett, 2002). Two system-
atic reviews of observational studies found no 
significant evidence for an association between 
percentage of energy from fat and body weight 
(Fogelholm et al., 2012; Hooper et al., 2015), 
whereas two systematic reviews with meta-ana-
lyses of randomized controlled trials (RCTs) in 
people with no intention of losing weight suggest 
that the percentage of energy from fat is positively 
associated with body weight (Hooper et al., 2015; 
Tobias et al., 2015). However, in weight-loss trials, 
no difference in weight loss was observed between 
diets with different percentages of energy from 
fat, whereas diets with a low percentage of energy 
from carbohydrates led to greater weight loss 
than those with a low percentage of energy from 
fat (Tobias et al., 2015). A third meta-analysis of 
RCTs reported that diets with a low percentage of 
energy from fat and those with a low percentage 
of energy from carbohydrates resulted in compa-
rable reductions in body weight (Hu et al., 2012). 
[It is recognized that the success of any dietary 
restriction regimen in achieving weight loss is 
dependent on compliance with that regimen.]

(ii)	 Sugars
Two systematic reviews and meta-analyses of 

RCTs in adults found a significant positive asso-
ciation between intake of free sugars (defined as 
monosaccharides and disaccharides added to 
foods and beverages by the manufacturer, cook, 
or consumer, and sugars naturally present in 
honey, syrups, fruit juices, and fruit juice concen-
trates; WHO, 2015) and weight gain (Te Morenga 
et al., 2012) and energy intake (Scientific Advisory 
Committee on Nutrition, 2015), respectively.

Overconsumption of sugar-sweetened bever-
ages in particular has been linked to weight 
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gain and obesity. Reviews and meta-analyses of 
prospective cohort studies and RCTs indicate 
that consumption of sugar-sweetened bever-
ages promotes weight gain and obesity (Hu & 
Malik, 2010; Te Morenga et al., 2012; Malik et al., 
2013; Fardet & Boirie, 2014; Scientific Advisory 
Committee on Nutrition, 2015). In contrast, 
there are investigations that consistently show 
weak or null results for the association between 
consumption of sugar-sweetened beverages and 
obesity (Forshee et al., 2008; Gibson, 2008; Kaiser 
et al., 2013; Trumbo & Rivers, 2014). [Concern 
has been expressed about potential bias of these 
studies, because of sources of funding.]

(c)	 Dietary patterns

Studies using dietary patterns as derived by 
factor or cluster analysis to examine common 
eating behaviour in relation to weight control and 
obesity found that diets characterized by high 
intakes of sugar-sweetened beverages, refined 
grains, potatoes, and red and processed meat 
were related to greater gains in BMI and waist 
circumference, whereas diets typified by high 
intakes of fruit, vegetables, whole grains, fish, 
poultry, and reduced-fat dairy products were 
associated with smaller weight gains (Newby 
et al., 2003; Schulze et al., 2006). Similarly, the 
traditional Mediterranean diet – as character-
ized by high intakes of fruit, vegetables, legumes, 
nuts/seeds, and wholegrain cereals; regular 
consumption of fish and seafood; moderate 
intakes of dairy products, poultry, and eggs; low 
consumption of red and processed meat; use of 
olive oil as the main source of dietary fat; and 
moderate intake of wine – has been consistently 
found to be inversely related to the development 
of weight gain and obesity (Buckland et al., 2008; 
García-Fernández et al., 2014; Gotsis et al., 2015). 
It has been suggested that eating patterns, such as 
eating breakfast, frequency of eating, snacking, 
and timing of meals, may also modulate the risk 
of overweight and obesity (van der Heijden et al., 
2007; McCrory, 2014; Jiang & Turek, 2017).

(d)	 Fast food

Fast foods are energy-dense, micronutrient- 
poor foods that are often high in fatty acids, 
processed starches, and added sugars (Jaworowska 
et al., 2013); they have more recently been termed 
“ultra-processed foods” (Martínez Steele et al., 
2016). There is concern about the rising global 
trend in consumption of fast food and its poten-
tial impact on obesity (McCrory et al., 1999; 
Paeratakul et al., 2003; Louzada et al., 2015).

Most available studies are limited by their 
cross-sectional designs, non-standardized defi-
nitions of fast food, and potential confounding 
by unmeasured factors. A recent narrative review 
reported that frequent consumption of fast foods 
is accompanied by weight gain and obesity 
(Bahadoran et al., 2016). In one observational 
cohort study, frequency of consumption of fast 
food was positively related to changes in body 
weight. Specifically, more frequent consumers 
(more than twice per week) gained an extra 4.5 kg 
of body weight over a 15-year period compared 
with less frequent consumers (less than once per 
week) of fast-food products (Pereira et al., 2005).

(e)	 Alcoholic beverages

Findings on the association between 
consumption of alcoholic beverages and body 
weight have been inconsistent, with observa-
tional studies showing positive, inverse, or null 
associations (reviewed in Poppitt, 2015). In addi-
tion, evidence linking alcohol consumption to 
weight gain and obesity was ranked insufficient 
by international reports (WHO, 2003; WCRF/
AICR, 2007).

(f)	 Sleep

The relationship of sleep duration to adiposity 
has been examined in numerous epidemiological 
studies. Results from studies in adults have been 
mixed, but most investigations support an asso-
ciation of short sleep duration with adiposity, 
with the association appearing to wane with 
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increasing age (Marshall et al., 2008; Patel & 
Hu, 2008). By comparison, studies in children 
showed a clear pattern, with short sleep duration 
being positively related to obesity (Chen et al., 
2008; Marshall et al., 2008; Patel & Hu, 2008). 
Results from systematic reviews and meta-ana-
lyses are in line with these findings (Cappuccio 
et al., 2008; Magee & Hale, 2012; Capers et al., 
2015). [One possible explanation for the diver-
gent results between children and adults is that 
the association between short sleep duration and 
weight gain diminishes over time after the tran-
sition to chronic short sleep duration (Magee & 
Hale, 2012).]

Sleep deprivation can lead to enhanced energy 
intake, possibly through a mechanism involving 
greater propensity to overeat and altered levels of 
hormones involved in appetite regulation, such as 
ghrelin and leptin (Bayon et al., 2014; Kim et al., 
2015). By comparison, there is little evidence to 
support that insufficient sleep leads to decreased 
energy expenditure (Chaput & Tremblay, 2012). 
Light exposure during the night decreases 
melatonin synthesis (Haus & Smolensky, 2013; 
McFadden et al., 2014), and melatonin deficiency 
has been shown to exert beneficial effects on 
obesity and to normalize the expression and 
secretion patterns of adipokines such as leptin 
and adiponectin (Szewczyk-Golec et al., 2015).

[Limitations of study designs in the area of 
short sleep duration and obesity include a failure 
to account for potential confounding, mediating, 
and moderating variables, such as sedentary 
behaviour, and measurement issues such as a 
paucity of objective measures of sleep duration, 
lack of repeated assessments of both sleep dura-
tion and body weight, and an insufficient number 
of experimental study designs that manipulate 
sleep.]

1.3.4	 Endocrine disruptors 

An endocrine-disrupting chemical (EDC) is 
an exogenous chemical, or mixture of chemicals, 
that interferes with any aspect of the regulation 
of hormone action (Zoeller et al., 2012). EDCs 
act directly by binding or interfering with recep-
tors, or indirectly by disrupting hormone levels 
or by altering hormonal transport mechanisms 
(Heindel et al., 2015). Because endocrine systems 
exhibit tissue-, cell-, and receptor-specific 
actions during the life-cycle, EDCs can produce 
a complex mosaic of effects across the life span 
(Zoeller et al., 2012).

Some EDCs, referred to as “obesogens” 
(Janesick & Blumberg, 2016), improperly inter-
fere with lipid homeostasis, and promote adipo-
genesis by perturbing various endocrine axes 
(Burgio et al., 2015). The developmental age at 
which EDC exposures occur is a critical consid-
eration in understanding their effects. Exposure 
to obesogenic EDCs during fetal life and early 
childhood appears to have an impact on obesity 
during childhood and adulthood (Grün & 
Blumberg, 2009; Heindel et al., 2015).

The EDCs with obesogenic properties that 
are most prevalently used are presented in 
Table 1.2 (adapted from Heindel et al., 2015), and 
the available data are summarized below. [The 
overall limitations of the data from humans lie 
in the cross-sectional nature of the majority of 
the studies and in the use of a single measure 
of exposure. The inconsistences in results in the 
small number of birth cohort studies is likely to 
be related to the small sample size, differences 
in population characteristics, and differences in 
levels of exposure and timing of exposure.]

(a)	 Bisphenol A

Studies in animals have shown that expo-
sure to bisphenol A can disrupt many metabolic 
pathways and could alter the hypothalamic 
energy balance circuitry, resulting in increased 
susceptibility to developing diet-induced obesity 
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and metabolic impairment (Heindel et al., 2015). 
Some studies reported an association between 
urinary concentrations of bisphenol A and 
increased obesity in children (OR, 2.53; 95% CI, 
1.72–3.74, between the highest and lowest quar-
tile of bisphenol A concentration; Trasande et al., 
2012) and in adults (OR, 1.50; 95% CI, 1.15–1.97, 
between the highest and lowest quartile) (Wang 
et al., 2012), whereas other studies reported no 
association (Lakind et al., 2014). Also, exposure to 
bisphenol A during fetal life increased adipokine 
levels in childhood (Volberg et al., 2013; Ashley-
Martin et al., 2014).

(b)	 Phthalates

In animal models, prenatal exposure to 
phthalates led to increased body weight, increased 
number and size of adipocytes, and activation 
of peroxisome proliferator-activated receptor 
gamma in male offspring (Heindel et al., 2015). 
Also, cross-sectional studies suggest an associa-
tion between exposure to phthalates and weight 
gain (Kim & Park, 2014). However, data from 
human birth cohorts are inconsistent (Ashley-
Martin et al., 2014; Maresca et al., 2015).

(c)	 Tributyltin

In animals, prenatal exposure to tributyltin 
causes lipid accumulation in adipose tissue, with 
effects persisting into adulthood and into future 
generations (Heindel et al., 2015). A recent study 
showed a positive association between placenta 
tributyltin levels and weight gain in male infants 
at age 3 months (Rantakokko et al., 2014).

(d)	 Polychlorinated biphenyls and other 
persistent organic pollutants

Data from the National Health and Nutrition 
Examination Survey 1999–2002, in adults and 
children, showed an association of detectable 
levels of persistent organic pollutants with waist 
circumference and BMI (Elobeid et al., 2010). 
Cohort studies in children have not confirmed 
the association with weight gain (Cupul-Uicab 
et al., 2013; Tang-Péronard et al., 2015). However, 
in a birth cohort in the Faroe Islands, higher 
prenatal exposure to polychlorinated biphenyls 
was associated with increased BMI at age 7 years 
in daughters of overweight mothers (Tang-
Péronard et al., 2014). In addition, higher levels of 
persistent organic pollutants have been observed 

Table 1.2 Endocrine-disrupting chemicals with obesogenic properties

Chemical Source Potential mechanism

Bisphenol A Plastic and epoxy resins Estrogenic 
Inhibition of proliferation of neural progenitor cells

Phthalates Plasticizers, adhesives, and personal care 
products

Increase the rate of adipocyte differentiation

Tributyltin Fungicide in paints and component of 
polyvinyl chlorides

Activation of peroxisome proliferator-activated receptor-γ 
and increased fat cell differentiation

Polychlorinated 
biphenyls

Coolants, plasticizers, and flame retardants Altered thyroid function 
Altered metabolism 
Bioaccumulation in fat cells

Polycyclic 
aromatic 
hydrocarbons

Incomplete combustion of fossil fuels Accumulation of visceral fat 
Inflammation

Perfluorinated 
chemicals

Components of lubricants, non-stick 
coatings, and stain-resistant compounds

Increase serum levels of insulin 
Increase serum level of leptin

Flame retardants Chemicals applied to furniture and 
electronics

Increase rate of adipogenesis 
Increase glucose intolerance

Adapted from Heindel et al. (2015) by permission from Springer Nature.
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in visceral fat of obese subjects with larger meta-
bolic dysfunction compared with those without 
metabolic dysfunction (Pestana et al., 2014).

(e)	 Polycyclic aromatic hydrocarbons

Studies in animals have shown that the combi-
nation of exposure to diesel exhaust in utero and 
a high-fat diet as an adult increases susceptibility 
to diet-induced obesity and neuroinflammation 
in females but not in males (Bolton et al., 2012). 
In a birth cohort of women who were exposed 
to air pollutants during pregnancy, higher expo-
sure levels were associated with higher obesity in 
their children at ages 5 years and 7 years (Rundle 
et al., 2012).

(f)	 Other compounds

Very limited data in humans are available for 
perfluorinated chemicals and flame retardants, 
and the results are inconclusive (Erkin-Cakmak 
et al., 2015; Heindel et al., 2015).

1.3.5	 Physical activity and sedentary 
behaviour

Physical activity is considered “any bodily 
movement produced by skeletal muscles that 
results in energy expenditure” (Caspersen et al., 
1985). The intensity of physical activity refers to 
the rate of energy expenditure brought about 
by physical activity; in epidemiological studies, 
it is commonly expressed in metabolic equiv-
alents (METs) of tasks. Specifically, activities 
are grouped according to light (1.6–2.9 METs), 
moderate (3.0–5.9  METs), and vigorous 
(≥ 6 METs) levels of activity (Ainsworth et al., 
2011). Several methods for measuring physical 
activity are available and have been used in epide-
miological studies (Ndahimana & Kim, 2017).

Globally, there have been declines in levels 
of physical activity and increases in time spent 
sedentary in adults over the past decades (Ng et al., 
2012; Dearth-Wesley et al., 2014). However, exper-
imental evidence from repeated cross-sectional 

studies since the 1980s with measurements of 
energy expenditure by the doubly labelled water 
method indicate that levels of physical activity 
have not declined over the time period in which 
the prevalence of obesity has risen (Westerterp 
& Speakman, 2008). Thus, it seems likely that 
the recent rise in the average body weight of 
the population globally is determined largely by 
increased energy intake rather than by decreased 
energy expenditure (Swinburn et al., 2009).

(a)	 Physical activity and prevention of weight 
gain

Evidence from long-term observational 
studies (Williamson et al., 1993; Di Pietro et al., 
2004; Gordon-Larsen et al., 2009; Lee et al., 2010; 
Mozaffarian et al., 2011) suggests a positive rela-
tionship between self-reported physical activity 
and prevention of weight gain. Data from RCTs 
are sparse and are based on short-term interven-
tions and follow-up (Simkin-Silverman et al., 
2003). Expert consensus has estimated that the 
amount of moderate-intensity physical activity 
associated with prevention of weight gain is 
150–250 minutes per week (Donnelly et al., 2009), 
or 45–60 minutes per day (Saris et al., 2003).

(b)	 Physical activity and weight loss

In adults, moderate physical activity shows 
a dose–response association with weight loss. 
Based on evidence from observational studies 
of varying durations (spanning time periods of 
several months to several years), the American 
College of Sports Medicine concluded that less 
than 150  minutes per week results in minimal 
weight loss, more than 150  minutes per week 
yields weight loss of 2–3 kg, and 225–420 minutes 
per week leads to weight loss of 5–7.5 kg (Donnelly 
et al., 2009). Moreover, a positive relationship 
was reported, for a similar duration, between the 
intensity of the physical activity and the amount 
of weight lost (Shaw et al., 2006). A meta-analysis 
of trials with durations of 12 weeks to 12 months 
reported that moderate-intensity physical activity 
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is only modestly effective in producing weight 
loss in overweight and obese adults, showing a 
small weighted mean difference in body weight 
of −1.6 kg (Thorogood et al., 2011).

Physical activity may generate a more 
pronounced effect on weight loss in children 
and adolescents, as suggested by a meta-ana-
lysis of 20 intervention studies reporting that 
an exercise programme involving approxi-
mately 150 minutes per week of physical activity 
for 13  weeks led to a 3.6% decrease in BMI in 
overweight and obese children and adolescents 
(Kelley et al., 2015).

A meta-analysis of 15 RCTs compared the 
effects of 2.5–6 months of aerobic and resistance 
exercise on weight loss in overweight and obese 
subjects and concluded that the combination of 
aerobic and resistance training may be the most 
efficacious physical activity regimen for weight 
loss (Schwingshackl et al., 2013).

Physical activity and energy restriction 
should yield similar amounts of weight loss if 
they provide comparable degrees of negative 
energy balance, and they are both important for 
achieving optimal weight loss. However, energy 
restriction combined with physical activity 
results in the combination of loss of fat mass 
and maintenance of lean mass, thereby leading 
to a more desirable effect on body composition 
(Miller et al., 2013).

(c)	 Physical activity and prevention of weight 
regain after weight loss

An early systematic review of RCTs and 
observational studies reported that people who 
engaged in physical activity experienced less 
weight regain than their sedentary counterparts, 
but confounding by a healthy lifestyle or reverse 
causation by better exercise adherence among 
those with less weight regain could not be ruled 
out (Fogelholm & Kukkonen-Harjula, 2000). In 
contrast, a more recent meta-analysis of RCTs 
on long-term maintenance of weight loss found 
no evidence of effectiveness for interventions 

involving physical activity only. However, the 
combination of physical activity and dietary 
energy restriction resulted in a difference of 
−1.56 kg in weight regain compared with controls 
at 12 months (Dombrowski et al., 2014). Taken 
together, findings from observational studies and 
RCTs show inconsistent results, and the volume 
of physical activity needed to prevent weight 
regain after weight loss remains poorly defined.

Data about the influence of resistance training 
on prevention of weight gain and weight regain 
after weight loss are sparse.

(d)	 Sedentary behaviour

Sedentary behaviour is a behaviour with 
reduced light activity and is distinct from lack 
of moderate to vigorous activity (Lynch et al., 
2010). Time spent in sedentary activities reduces 
energy expenditure, potentially promoting 
weight gain over time (Owen et al., 2010). Long-
term observational epidemiological studies in 
adults reported that sedentary behaviour, such 
as television viewing and computer gaming, is 
associated with enhanced risk of adiposity (Hu 
et al., 2003; Thomée et al., 2015). Also, television 
viewing is associated with enhanced intake of 
sugar-sweetened beverages and sweets (Lipsky 
& Iannotti, 2012). Moreover, a meta-analysis of 
25 RCTs showed a small but significant decrease 
in BMI with reducing sedentary behaviour in 
children and adolescents (Liao et al., 2014). 
[Potential confounding by energy intake could 
not be ruled out.] Data on sedentary behaviour 
and prevention of weight regain after weight loss 
are sparse.

1.3.6	 Built environment

The human body has evolved to transform 
excess energy into body fat during exceptional 
times of food abundance for protection during 
periods of low food availability, but has not 
adapted to meet the challenge of the supply 
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provided by current food systems (Hill et al., 
1998).

The built environment refers to aspects of a 
person’s surroundings that are human-made (or 
modified), compared with naturally occurring 
features (Caballero, 2007; Papas et al., 2007). It 
is one part of the so-called obesogenic environ-
ment, which includes sociocultural, economic, 
and marketing barriers to the achievement of 
healthy ways of life.

Food availability has undergone many 
changes in recent decades, as a result of 
economic, social, and demographic changes 
(the nutrition transition) (Brown, 1991; Popkin, 
1993), resulting in an increased dependence 
on processed foods, a strong emphasis on the 
marketing and promotion of energy-dense 
foods and beverages, a decreased intake of fruit 
and vegetables, and an increased intake of foods 
that are high in fat and sugar (Caballero, 2007). 
The food environment has changed as the oppor-
tunities for consumption have increased through 
increased diversification of food outlets (e.g. 
vending and fast-food restaurants) and intensive 
and creative marketing strategies. In addition, 
changes in the built environment, including 
shifts in transportation patterns, labour-saving 
devices, limited public space for recreational 
physical activity, and increased public safety 
concerns, have promoted sedentary lifestyles 
(Caballero, 2007; Parizkova et al., 2007) (see also 
Section 1.3.5).

It is important to note that although indi-
vidual energy balance is strongly predicted by 
personal behaviours, the factors that influence 
these behaviours are a response to the stimulus 
of the obesogenic environment. Thus, societal 
change that will have an impact both on public 
health and on the health of the individual is 
required to counter the current obesity epidemic 
(Mackenbach et al., 2014).

The ecological approach to obesity research 
embraces the biological, behavioural, and envi-
ronmental factors that have an impact on energy 

balance (Egger & Swinburn, 1997). The built 
environment is thought to play a key role in 
promoting both reductions in energy expend-
iture and increases in energy intake, but it 
also has the potential to promote and sustain 
healthy behaviours for significant periods of 
time throughout the life-course (Ludwig et al., 
2011). The built environment affects a person’s 
ability to comply with interventions, including 
educational interventions, that are focused on 
individual behaviour change (Sallis et al., 2012).

Most research has focused on the role of the 
built environment in providing opportunities for 
physical activity; with respect to the food envi-
ronment, most work has focused on food availa-
bility within communities.

Several reviews have examined the relation-
ship between the built environment and obesity, 
but they have had heterogeneous measurement 
approaches. The lack of valid and reliable meas-
urement tools and analytical approaches may 
have contributed to inconsistent findings (Feng 
et al., 2010).

Metrics of the food environment (relevant for 
energy intake) include measures of the density, 
proximity, and diversity of and spatial access to 
food establishments (supermarkets, convenience 
stores, farmers’ markets, and restaurants). It is 
difficult to compare studies, because of metrics 
used and the overall suboptimal quality of the 
studies (Ding & Gebel, 2012). A review (Cobb 
et al., 2015) that assessed the relationship of 
obesity to local food environments reported few 
significant findings, although a trend towards 
an inverse association between availability of 
supermarkets and obesity was noted. Metrics 
that are relevant for physical activity (and thus 
energy expenditure) include measures of popul-
ation density, diversity, connectivity, design of 
and spatial access to physical activity facilities, 
walkability, and sprawl (Lopez & Hynes, 2003).

Although a consistent relationship has been 
seen between physical activity (in the form of 
active transport and recreational walking) and 
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neighbourhood walkability in adults, these 
studies have not always reported measures of 
obesity. Where obesity has been reported, there 
seems to be a lower than average BMI in neigh-
bourhoods with higher perceived mixed land 
use, improved walkability, and better access to 
sports facilities (Black & Macinko, 2008). In a 
review by Papas et al. (2007), significant associa-
tions between some objectively measured aspects 
of the built environment (e.g. residential density, 
street connectivity, greenery, and access to desti-
nations) and obesity were observed in 84% of 
the studies. In a study on environmental attrib-
utes and adult weight status in 12 countries, De 
Bourdeaudhuij et al. (2015) reported that safety 
from traffic had the most robust correlation with 
BMI.

Several studies have evaluated accessibility to 
recreation or exercise spaces and facilities (such 
as parks, playgrounds, cycle routes, and sports 
facilities) using adiposity as an outcome. In a 
review of cross-sectional studies that directly 
measured body weight in adults or children, 
two out of three studies in adults observed that 
shorter distance to (or greater density of) fitness 
facilities was associated with lower BMI and 
lower prevalence of overweight (Papas et al., 
2007). In their review of population approaches 
to improving health behaviours, Mozaffarian 
et al. (2012) concluded that greater access to 
recreation and exercise spaces and facilities is 
relatively consistently linked to higher levels of 
physical activity and lower adiposity or other 
metabolic risk factors. However, they noted that 
nearly all the evidence is cross-sectional, which 
limits inferences about causality.

In a review by Dunton et al. (2009) of child-
hood obesity, associations between physical envi-
ronmental variables and obesity differed by sex, 
age, socioeconomic status, population density, 
and whether reports were made by the parent or 
the child.

Research in the USA shows that children 
and adults living in rural areas are more likely 

to be obese than their urban counterparts (even 
after adjustment for individual-level behaviours). 
A review by Hansen et al. (2015) suggests that 
limited “active living” built environments are a 
contributory factor.

1.3.7	 Social determinants

Socioeconomic status is an aggregate concept 
that consists of numerous indicators that reflect 
a person’s position in society, including educa-
tion level, occupation, income, wealth, poverty, 
and deprivation. Because levels of BMI vary 
according to levels of economic development, 
sociocultural factors, and characteristics of the 
health-care system of a country, the relationship 
between social determinants and obesity cannot 
be explained by any individual factor; rather, 
numerous interrelated factors are involved 
(WHO, 2008).

It has been widely shown that in high-income 
countries, the prevalence of obesity is higher 
among people with lower socioeconomic status 
(WHO, 2014); this inverse association is driven 
mainly by the fact that socially disadvantaged 
people experience a more obesogenic envi-
ronment, which favours access to cheap, ener-
gy-dense foods, lower levels of physical activity, 
and poor education. In contrast, in low-income 
countries a positive association is seen between 
socioeconomic status and the prevalence of 
obesity (Monteiro et al., 2004a, b; Blakely et al., 
2005; Dinsa et al., 2012; Pampel et al., 2012). 
Possible reasons for this are food scarcity among 
the poor in low-income countries, leading to low 
or moderate food intake, and greater engage-
ment in manual labour, requiring higher energy 
expenditure. By comparison, the rich in low-in-
come countries may be particularly susceptible 
to obesity because of easy access to excess food 
and lower levels of occupational physical activity. 
Also, in some low-income countries, a large body 
size may be perceived as an indicator of socio-
economic status (for additional cultural aspects, 
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see also Section  1.1). Inequalities in childhood 
obesity generally mirror those seen in adults 
(Due et al., 2009; Dinsa et al., 2012) (see also 
Section 1.2.5).

The relationship of socioeconomic status 
to obesity appears to be affected by the choice 
of socioeconomic indicator (income vs educa-
tion level) in approximately 20–30% of studies 
conducted in low-income countries. This may be 
due to the weak correlation observed between 
wealth and education level in some low-income 
countries where educational investment has not 
yet translated into a higher income (Dinsa et al., 
2012). One literature review of studies from 
high-income countries examined various indica-
tors of socioeconomic status and found inverse 
relationships of education level and occupation 
to weight gain, with less consistent findings when 
income was used as the measure of socioeconomic 
status (Ball & Crawford, 2005). Another review 
of studies conducted in industrialized coun-
tries reported that women who changed social 
class after childhood took on the prevalence of 
adiposity of the class they joined, a relation-
ship that was not evident in men (Parsons et al., 
1999). Data about other social determinants, 
such as family size, number of parents at home, 
or availability of childcare and their relationship 
to obesity are sparse.

Education level has been one of the most 
frequently used measures of socioeconomic 
status (Krieger et al., 1997) and has been shown 
to be associated with obesity. This has led to an 
emphasis on nutrition education and practical 
food skills as a route to improving dietary habits. 
However, recent data from the United Kingdom 
(Adams & White, 2015) show an inconsistent 
relationship between sociodemographic vari-
ables and all markers of cooking skills, high-
lighting the need to explore the wider social 
factors that educational background reflects (see, 
for example, Lawrence & Barker, 2009).

It is recognized that numerous factors poten-
tially influence food choice (and thus energy 

intake) across the population, which may have 
differential health effects according to socio-
economic status (McKinnon et al., 2014). Such 
factors include perception of sensory attrib-
utes, such as a liking for sweetness (Deglaire 
et al., 2015); psychological factors, such as mood 
(Singh, 2014); mental health and well-being, 
including stress (Moore & Cunningham, 2012); 
and the food marketing environment, notably 
with marketing of foods high in sugars, fats, 
and salt being targeted at children (Cairns et al., 
2013).

1.3.8	 Microbiota and gastrointestinal 
environment

The adult human gut hosts a complex 
community of microorganisms (micro-
biota), including about 1.5  kg of bacteria, 
most of which belong to four major phyla: 
Firmicutes, Bacteroidetes, Actinobacteria, and 
Proteobacteria. The amount, composition, 
and ratio of these vary according to diet and 
energy intake, and it is clear that variations in 
eating habits can lead to selective promotion of 
particular species. It is estimated that 57% of 
the bacterial variation in the gut is due to diet, 
and there are particular concerns that high-fat, 
high-sugar diets may alter the functionality 
of the microbiota (Harris et al., 2012). There is 
accumulating evidence to support a role for the 
microbiota in obesity and its downstream meta-
bolic sequelae.

For example, the gut microbiota has been 
found to be significantly altered in animal 
models of obesity, with a reduction in bacte-
rial diversity as well as a change in bacterial 
composition. It is generally agreed that a lower 
diversity of microorganisms and the presence of 
more tolerant bacteria are also observed in obese 
people. In many studies, the pattern associated 
with obesity is a relative decrease in Bacteroidetes 
(gram-negative) and a corresponding relative 
increase in Firmicutes (gram-positive), although 
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there is some inconsistency in results in relation 
to ratios of different phyla (Sanmiguel et al., 
2015). Reduction in body weight results in a shift 
in the composition of the gut microbiota, with a 
significant relative increase in Bacteroidetes and 
relative decrease in Firmicutes as weight loss 
progresses. Exercise alone is also associated with 
an alteration in the ratio of the major bacteria, 
with a higher proportion of butyrate-producing 
bacteria (Bacteroidetes) (Harris et al., 2012). 

Both animals and humans experience major 
changes in the gut microbiota after gastric bypass, 
when there is a restoration to a normal ratio of 
Firmicutes to Bacteroidetes. It is postulated that 
this occurs as a result of major changes in the 
composition of the diet after surgery, a decrease 
in production of bile acid, and a raised pH, which 
encourages the growth of bacteria associated with 
weight loss (Harris et al., 2012; Sanmiguel et al., 
2015). The changes in the microbiota appear to 
be independent of energy intake, suggesting that 
weight loss may also be the result of an interplay 
between the microbiota and host biology.

It is recognized that along with an impact 
on metabolic state, obesity-associated changes 
in bacterial diversity, as well as specific shifts 
in gut bacteria such as Faecalibacterium praus-
nitzii (phylum Firmicutes), are associated 
with alterations in the inflammatory state (Le 
Chatelier, et al., 2013; Marchesi et al., 2016) (see 
also Section 4.4.1). In studies in rats, it has been 
demonstrated that inflammation alone can cause 
weight gain in normal rats and that the absence 
of inflammation protects rats against weight gain 
from a high-fat diet (Harris et al., 2012).

Studies in animal models have demonstrated 
that transfer of the gut microbiota (faecal micro-
biota transplantation) from obese mice to lean 
mice results in weight gain despite decreases 
in food intake. Similarly, the introduction of a 
“lean” microbiota will result in weight loss in 
obese animals. However, in humans similar 
changes in the gut microbiota created by probio-
tics and prebiotics have not been successful in 

demonstrating weight loss (Graham et al., 2015; 
Sanmiguel et al., 2015). It seems likely that in 
humans, differences in the gut microbiota accom-
pany obesity rather than causing the problem. 
Further research in experimental systems and in 
humans is needed to understand the link between 
the microbiome and obesity and whether varia-
tion in the microbiome is a direct cause of obesity 
or is a consequence of it.

1.3.9	 Genetic and epigenetic determinants of 
body fatness

There is growing evidence that gene–envi-
ronment interactions play a major role in obesity 
(Reddon et al., 2016). A hereditary component 
to obesity has long been recognized, but the 
underlying genetic variants have only recently 
been identified. The first single nucleotide poly-
morphism robustly associated with increased 
BMI was identified in 2007 and mapped to a 
gene now known as FTO (Frayling et al., 2007). 
Since then, genome-wide association studies and 
meta-analyses conducted through large-scale 
consortium efforts (e.g. the Genetic Investigation 
of Anthropometric Traits [GIANT] consortium) 
have identified almost 100 gene variants robustly 
linked to BMI, including genes involved in appe-
tite regulation, neural networking, glutamate 
receptor activity, insulin function, and energy 
metabolism (Speliotes et al., 2010; Locke et al., 
2015). In addition, BMI-associated variants in 
genes linked to immune function, such as TLR4, 
may confer susceptibility to obesity through 
interactions with the microbiome. Genome-wide 
association studies for other anthropometric 
parameters, such as central adiposity (as deter-
mined by waist circumference), have identified 
additional variants (Heard-Costa et al., 2009). As 
even larger studies of common genetic variation 
and studies of rare variants are undertaken, and 
more sophisticated computational tools become 
available, it is likely that additional genetic vari-
ants associated with obesity will be identified. 
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Nevertheless, the variants identified to date, 
combined, explain only a modest fraction (~3%) 
of the variation in BMI (Locke et al., 2015).

Epigenetic mechanisms, such as DNA 
methylation and histone modifications, may 
also play a role in obesity and represent an inte-
grated measure of both genetic and environ-
mental factors (see also Section 4.2.3). Emerging 
data from population-based studies indicate that 
specific regions of the genome are differentially 
methylated in obese people compared with those 
of normal weight (Dick et al., 2014; Aslibekyan 
et al., 2015). These studies demonstrate that 
increased adiposity is associated with specific 
epigenetic changes and may provide clues about 
the biology of obesity. Maternal exposure to 
environmental risk factors during pregnancy can 
alter the metabolic phenotype of offspring (e.g. 
“body size”) by means of epigenetic regulation of 
specific genes, and the epigenetic modifications 
could be passed on to future generations (Cutfield 
et al., 2007; Chamorro-García & Blumberg, 
2014). Although developmental programming 
of body weight regulation occurs in humans, it 
is still unclear whether it occurs via epigenetic 
mechanisms (Institute of Medicine, 2015).

1.4	 Assessment of anthropometric 
measures and body composition

The assessment of body composition is essen-
tial in obesity research, and several approaches 
have been proposed. The simpler and less expen-
sive approach is to use weight and height – the 
most commonly used measures of nutritional 
status in epidemiological studies – and waist 
circumferences as a measure of abdominal 
obesity. More technologically advanced methods 
include bioelectrical impedance analysis (BIA), 
dual-energy X-ray absorptiometry (DXA), 
computed tomography (CT), and magnetic reso-
nance imaging (MRI). These methods provide 
more precise and accurate estimates of body 

composition and fat distribution, but their use 
is limited by the lack of practicality and the cost; 
they are mostly used to validate simpler methods 
or in small clinical and epidemiological studies 
(Willett & Hu, 2013).

1.4.1	 Weight and height

Standardized methods are available to 
measure weight, height, and other anthro-
pometric variables (Gibson, 2005). These are 
currently used in nutritional surveys (CDC, 
2016) and analytical epidemiological studies. 
These measurements should be obtained by 
trained health technicians, with routine cali-
bration of equipment and strict quality control. 
Body weight is measured in kilograms (to the 
second decimal place) using a self-zeroing digital 
scale, while the subject is wearing light clothing 
and without shoes, preferably in the fasting state. 
Height is measured to the nearest millimetre 
with a stadiometer, while the subject is without 
shoes, with the back square against a metal wall 
tape, and with the eyes looking straight ahead 
and a set square resting on the scalp (Willett & 
Hu, 2013).

Among various anthropometric variables, 
weight and height are measured with the highest 
precision (reproducibility) and accuracy (little 
deviance from the true value) and with the least 
amount of technical error (Ulijaszek & Kerr, 
1999). In many large cohort studies, weight and 
height are based on self-reports. Self-reported 
measures are more feasible for large samples 
and are necessary when considering past weight 
(Ulijaszek & Kerr, 1999). When self-reported 
measures are validated with objective measures, 
it has been shown that subjects tend to understate 
weight and overstate height (Krul et al., 2011); 
in general, the achieved degree of accuracy is 
sufficient to rank individuals in epidemiological 
studies, but use of self-reported measures will 
lead to an underestimation of the prevalence of 
obesity (Willett & Hu, 2013). Self-reported weight 
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and height obtained by telephone interviews have 
been shown to be less reliable than those obtained 
by in-person interviews (Ezzati et al., 2006).

Adult height is a complex variable, deter-
mined primarily by genetics but also by nutri-
tional factors, especially intakes of energy and 
proteins during the pre-adult period (Cole, 2000). 
Thus, height may reflect energy balance during 
childhood and adolescence (Willett & Hu, 2013).

Recalled weight from many years in the past 
appears to be valid, although the error is greater 
than for self-reported current weight. In women, 
the correlation between weight, height, and BMI 
measured at age 18  years and reported at ages 
71–76 years was found to be 0.84, 0.92, and 0.83, 
respectively (Must et al., 1993).

In addition, useful information can be 
obtained by asking subjects to describe their 
body profile (body silhouette) currently and at 
different earlier ages using pictograms that range 
from very thin to massively obese (Sørensen 
et al., 1983). Recalled body silhouette at ages 20, 
15, and 10 years has been found to correlate well 
with measured BMI at ages 71–76 years (Pearson 
correlation ranging from 0.53 to 0.75 in men and 
women) (Must et al., 1993). The use of these picto-
grams is particularly helpful in populations in 
which it is challenging to obtain accurate anthro-
pometric measurements and to obtain informa-
tion about body fatness at earlier ages (Romieu 
et al., 2012). Similar pictograms have been used to 
study personal perception of current body silhou-
ette (Thompson & Gray, 1995) and perception of 
body silhouette in relation to age and health (Han 
et al., 1999).

Self-reported birth weight also appears to be 
reasonably valid. In the Nurses’ Health Study II 
cohort, the correlation between recorded birth 
weight and self-reported birth weight was 0.74 
(Troy et al., 1996).

1.4.2	 Indexes of adiposity

(a)	 BMI

The most commonly used index of obesity 
is the BMI (see Section  1.1). The cut-off value 
for underweight (18.5  kg/m2) is based largely 
on health-related problems associated with 
malnutrition in developing countries (IARC, 
2002).

BMI is easy to assess and has high precision 
and accuracy. It has been shown to correlate 
strongly with both absolute body fat and body 
fat percentage in different age, sex, and racial 
groups when compared with more sophisticated 
measures of fat distribution (DXA) (Gallagher 
et al., 1996; Blew et al., 2002; Evans et al., 2006). 
BMI is a useful indicator of body fatness, but it is 
an imperfect measure of obesity, because it does 
not differentiate between lean mass and fat mass, 
the relative proportions of which vary between 
individuals and with age, sex, and race/ethnicity 
(Garn et al., 1986; Prentice & Jebb, 2001).

(i)	 Age and sex differences
For biological reasons, women have higher 

body fat percentages than men for the same 
BMI (Gallagher et al., 1996). For children, BMI 
centiles and Z-scores [measures of standard devi-
ation] should be used to determine BMI status 
for ages up to 18 years, because these indicators 
are age- and sex-specific in children and adoles-
cents (Cole, 2002; WHO 2016, 2017a, b). Among 
elderly people, the validity of BMI as a measure 
of body fatness appears to be reduced because 
of changes in body composition, such as loss of 
lean mass (sarcopenia) and increase in abdom-
inal fat mass associated with ageing (Gallagher 
et al., 1996: Hu, 2008). This lower validity of BMI 
in elderly people may explain why the relation-
ship of BMI with mortality is less pronounced in 
elderly people than in younger adults; in elderly 
people, waist circumference is a better marker 
of adiposity, in particular of abdominal fatness 
(Seidell & Visscher, 2000, Janssen et al., 2005).
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(ii)	 Ethnic differences
The interpretation of BMI in epidemiolog-

ical studies is further complicated by the ethnic 
variation in body composition (Hu, 2008). For 
the same BMI, Blacks have a lower adiposity and 
body fat percentage than Whites, on average, 
whereas Asians have a higher body fat percentage 
than Whites (Wagner & Heyward, 2000; Rush 
et al., 2009; Liu et al., 2011). On the basis of these 
observations, lower cut-off values have been 
proposed for overweight (23 kg/m2 to 27.4 kg/m2) 
and obesity (≥ 27.5 kg/m2) in Asian populations 
(WHO Expert Consultation, 2004). However, the 
available data do not allow a clear cut-off value 
to be established for all Asians, given the hetero-
geneity in the observed risks related to BMI 
in different Asian populations (WHO Expert 
Consultation, 2004).

(b)	 Waist circumference and hip circumference

There is increasing recognition that body 
fat distribution contributes to obesity-related 
disease risk, independently of overall adiposity 
(Eckel et al., 2005). Distribution of body fat has 
been used to delineate two body shapes: gyne-
coid (or pear shape), with fat accumulation in 
the lower part of the body, such as the hips and 
the thighs), and android (or apple shape), with 
fat accumulation in the upper part of the body, 
such as in the abdomen. Consistent evidence 
has linked android obesity with more metabolic 
alterations than gynecoid obesity (Hu, 2008).

Waist circumference is widely used as an 
indirect measure of abdominal and central 
obesity in epidemiological studies. Waist circum-
ference is measured at the natural waist (midway 
between the lowest rib margin and the iliac crest) 
at the level of the umbilicus (Hu, 2008). Because 
a “natural waist” may be difficult to locate for 
obese subjects, the umbilicus site is preferred, 
although it may introduce substantial variations 
in defining the measurement site for very obese 
patients. Therefore, waist circumference is a less 

standardized metric than BMI. Correlation of 
waist circumference with predicted total abdom-
inal fat and abdominal visceral fat using CT 
scan was 0.87–0.93 and 0.84–0.93, respectively, 
in men and women, and waist circumference 
performed as well as DXA (Clasey et al., 1999). 
However, in non-obese women, DXA appears to 
be superior to waist circumference (Kamel et al., 
1999). Despite the fact that waist circumference 
has greater accuracy than BMI for measuring 
abdominal fat, it still does not differentiate the 
subcutaneous fat from the visceral fat.

Hip circumference is typically measured at 
the maximal circumference over the buttocks 
(Hu, 2008). Hip circumference is more difficult 
to interpret than waist circumference, because it 
can reflect more accumulation of subcutaneous 
fat, greater gluteal muscle mass, or larger bone 
structure (pelvic width) (Willett, 1998).

Waist-to-hip ratio is used as an indirect 
measure of abdominal and central obesity, but 
there is some evidence that waist circumfer-
ence may be superior to waist-to-hip ratio as a 
surrogate marker of central obesity, in particular 
among elderly people, for whom waist-to-hip 
ratio may be an indicator of visceral obesity 
combined with muscle loss (Clasey et al., 1999; 
Snijder et al., 2006).

Waist circumference-to-height ratio has been 
used as an alternative to waist-to-hip ratio as a 
measure of central obesity, but it does not seem to 
be a better predictor of total mortality than waist 
circumference or waist-to-hip ratio (Hu, 2008).

Other more complex measures, such as 
sagittal abdominal diameter (i.e. the horizontal 
distance between the anterior and the posterior 
of the abdomen), waist-to-thigh ratio, or conicity 
index (waist circumference  (m)/{0.109 × square 
root of weight  (kg)/height  (m)}) have been 
proposed; however, the difference with other 
measures is small (IARC, 2002).

Waist circumference has been recommended 
as a measure of central obesity over waist-to-hip 
ratio (NHLBI Obesity Education Initiative, 
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2000). Recommended cut-off values for waist 
circumference were 102 cm for men and 88 cm 
for women (Table 1.3), and for waist-to-hip ratio 
were 0.95 for men and 0.88 for women (Hu, 
2008). However, as for BMI, these cut-off values 
are arbitrary, given that metabolic risk appears to 
increase linearly. In addition, the association of 
central obesity with chronic disease varies across 
different ages, sexes, and ethnicities. Recently, 
the International Diabetes Federation proposed 
a new definition of metabolic syndrome diag-
nosis that includes central obesity measured by 
waist circumference (Zimmet et al., 2005; IDF, 
2006). Table 1.4 presents the recommended waist 
circumference cut-off values for Caucasian and 
Asian populations.

In large cohort studies, waist circumfer-
ence and hip circumference are self-reported. 
Although obese participants tend to under
estimate waist circumference, validation studies 
have shown high correlations between self- 
reported and technician-measured waist circum-
ferences (r = 0.95 for men and 0.89 for women), 
whereas for waist-to-hip ratio the correlation 
was slightly lower (r = 0.69 for men and 0.70 for 
women) (Hu, 2008). [It is important to note that 
the validation studies on self-reported height, 
weight, waist circumference, and hip circum-
ference have been done in educated populations 
in the USA and that, depending on the cultural 
and social context, self-reported anthropometric 
measures may have less validity.]

1.4.3	 Other measures of adiposity or body 
composition

(a)	 Skinfold thickness

Skinfold thickness measurements are used 
as an indirect assessment of body fat distribu-
tion using a special caliper (skinfold caliper) to 
measure the thickness of a double layer of skin 
and the fat beneath it at predetermined sites, 
such as the triceps, the biceps, the subscapular 
region, the abdomen, and the thigh. The meas-
urements are repeated most commonly at four 
body sites that are high in fat mass (usually the 
chest, arm, abdomen, and thigh), and in some 
cases at seven body sites. Skinfold measurement 
requires great expertise, is prone to inter-ob-
server variations, and is less reproducible than 
other anthropometric methods. Skinfold thick-
ness measurements and the use of standardized 
equations have been validated as a good measure 
of body fat percentage in adults and in children, 
but this is highly dependent on the validity of the 
prediction equation, which is population-specific 
(Hu, 2008; Horan et al., 2015). However, because 
skinfold thickness measurements are measures 
of subcutaneous fat, they are unable to quantify 
intra-abdominal or visceral fat (Steinberger et al., 
2005).

(b)	 Bioelectrical impedance (BIA)

BIA estimates body composition by meas-
uring the impedance or resistance to a small elec-
trical current (typically 800 µA; 50 kHz) passing 
across the body tissues. A simple version is foot-
to-foot BIA assessment, where an individual 
steps onto scales with electrode foot plates; this is 
particularly advantageous for children. The BIA 
method is based on the principle that resistance 
to an applied alternating electrical current is a 
function of tissue composition; because fat is a 
non-conductor of electricity, the greater the lean 
mass or water content of a person, the faster the 
current will pass through, and the greater the 
fatty tissue content, the greater the resistance to 

Table 1.3 Recommendations of body mass 
index and waist circumference cut-off values 
made for overweight or obesity

Category Body mass 
index (kg/m2)

Obesity 
class

Waist 
circumference 
(cm)

Overweight 25.0–29.9
Obesity 30.0–34.9 Class I Men: > 102 

Women: > 8835.0–39.9 Class II
≥ 40.0 Class III

Adapted from WHO (2000).
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the current (Hu, 2008). BIA measures total body 
water content and enables the calculation of lean 
mass and fat mass (Kyle et al., 2004). Numerous 
prediction equations have been used to determine 
fat-free mass and body fat percentage. Models 
typically involved height, age, sex, race, weight, 
and other anthropometric measures. As with 
other prediction equations for body fat, those for 
BIA tend to be population-specific. [The limita-
tions of this method include the hydration levels 
of the individual, the composition of the latest 
meal, whether a workout took place before the 
measurement, and the time of the day when the 
measurement took place.]

Comparison of estimates of body fat 
percentage has shown a good correlation between 
BIA and DXA in subjects within a normal range 
of body fat (r  =  0.88 for the whole population; 
0.78 for men and 0.85 for women). However, 
BIA tended to overestimate body fat percentage 
in lean subjects and to underestimate it in over-
weight and obese subjects (by 3–4%) (Sun et al., 
2005).

Because BIA equipment is portable, it can be 
used in large surveys or epidemiological studies 
(Kyle et al., 2003).

(c)	 Ultrasound

Ultrasound, or ultrasonography, involves 
exposure of the body to high-frequency sound 
waves which reflect off the structures and tissues 

of the body and are detected by transducers. This 
method is non-invasive, portable, and quick, and 
ultrasound is a readily available technique in the 
clinical setting. It can also distinguish between 
visceral and subcutaneous fat (Wagner, 2013). 
However, interpretation of ultrasound images 
requires technical skill and practice. Ultrasound 
measures subcutaneous and pre-peritoneal fat, 
which give a good approximation of visceral fat 
in adults. Among children, results are conflicting 
(Horan et al., 2015).

(d)	 Dual-energy X-ray absorptiometry (DXA)

DXA involves the use of X-ray beams with 
different photon energies to determine body 
composition. High-density material (i.e. bone) 
attenuates the X-ray beam the most, whereas 
lower-density material allows more photons to 
pass through. DXA enables the determination 
of three components of the whole body (fat-free 
mass, fat mass, and bone mineral density) as well 
as of specific regions, such as the arms, legs, and 
trunk (Hu, 2008). The procedure is relatively 
simple, and the measurements are highly repro-
ducible and accurate for lean mass and fat mass. 
DXA has the inconvenience of involving ionizing 
radiation, but the exposure is very low.

DXA measures of body composition have 
shown high reproducibility over several months 
(Cordero-MacIntyre et al., 2002) and high validity 
(Lohman & Chen, 2005). DXA estimates of trunk 
and abdominal fat mass were strongly correlated 
with CT scan estimates of total abdominal fat 
(correlations, 0.94–0.97) and abdominal visceral 
fat (correlations, 0.86–0.90) (Clasey et al., 1999; 
Glickman et al., 2004).

Although the DXA instrument is expensive 
and immobile, it has been used in several epide-
miological studies either as a references method 
or in an association study with metabolic disor-
ders or chronic outcomes. DXA has been used 
as a reference method to determine the body 
fat percentage corresponding to BMI cut-off 
values stratified by age, sex, and race/ethnicity 

Table 1.4 International Diabetes Federation 
criteria for waist circumference cut-off by 
ethnicity

Ethnicity Sex Waist 
circumference 
(cm)

Caucasian Men ≥ 94
Women ≥ 80

Asian (including South Asian, 
Chinese, and Japanese)

Men ≥ 90
Women ≥ 80

Adapted from IDF (2006) with permission.
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in a large sample from the United States popul-
ation (n = 12 906) (Heo et al., 2012). The oldest 
age group had the highest cut-off values of body 
fat percentage. Non-Hispanic Blacks had lower 
cut-off values, whereas Mexicans had the highest. 
Cut-off values of body fat percentage were higher 
in women than in men.

DXA is becoming a frequent measure of 
human body composition in small clinical and 
epidemiological studies to obtain a reliable esti-
mate of total body fat mass and fat distribution, 
alone or together with ultrasound.

(e)	 Computed tomography (CT) and magnetic 
resonance imaging (MRI)

CT and MRI are considered to be the most 
accurate methods for assessing body compo-
sition and ascertaining fat distribution at the 
levels of tissues and organs. Both CT and MRI 
provide high-resolution cross-sectional scans 
of selected tissues or organs and can be used to 
measure the volume and distribution of subcu-
taneous versus visceral fat, muscle mass, and 
organ composition. Unlike CT, MRI does not 
expose subjects to ionizing radiation and can 
be used in children and pregnant women (Hu, 
2008). The measurements are highly reproduc-
ible and accurate (Ross & Janssen, 2005). These 
methods are expensive and not readily accessible 
and are used mostly for calibrating or validating 
simpler and less expensive methods for meas-
uring body fat distribution. CT and MRI have 
been used in small clinical and epidemiological 
studies to measure total adipose tissue, subcuta-
neous adipose tissue, visceral adipose tissue, and 
hepatic and intramuscular triglyceride content. 
Significant correlations have been found between 
visceral adipose tissue (but not subcutaneous 
adipose tissue), insulin resistance, and metabolic 
syndrome (Lebovitz & Banerji, 2005).

Recent epidemiological studies have imple-
mented CT or MRI measurements on large 
subsamples to investigate biomarkers of fat 
distribution (Shah et al., 2016) or to validate 

simpler anthropometric indices (Neamat-Allah 
et al., 2014). Measured BMI, waist circumfer-
ence, and hip circumference correlated well 
with MRI measures of total body volume, total 
adipose tissue, and subcutaneous adipose tissue 
in a cohort of German men (n = 598) and women 
(n = 594) aged 51–81 years (see Table 1.5).

1.4.4	 Change in weight

Change in weight is also of interest when 
considering the association between weight and 
risk of cancer, and change in weight has been 
widely used in epidemiological studies as both 
exposure and outcome. Several definitions have 
been used across studies, such as the highest 
attained weight or current weight, weight gain, 
weight loss, weight cycling (repeated loss and 
regain of body weight over time), or body weight 
variability. Body weight gain during the period 
from young adulthood (18–20 years) to middle 
age (30–55 years) is of great interest.

Change in weight may rely on recall of 
previous weights by participants. The Nurses’ 
Health Study found a high correlation between 
recalled weight at age 18  years and measured 
weight from medical records, and this finding 
has been confirmed in additional studies (Troy 
et al., 1995). When considering weight loss, it is 
important to distinguish between intentional 
and unintentional weight loss, because uninten-
tional weight loss is associated with increased 
morbidity and mortality (Wannamethee et al., 
2005).

When epidemiological evidence is evaluated 
for a relationship between weight change and risk 
of cancer, the timing of weight change measure-
ments must be considered, because evaluation of 
weight change at certain life stages may not be 
adequate to fully address potential associations.

Analysis to relate weight change to cancer 
risk should control for baseline BMI. As demon-
strated in cardiovascular disease, to assess 
the contribution of waist circumference and 
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waist-to-hip ratio separately from BMI, it is 
helpful to present results in strata of baseline 
BMI (Wormser et al., 2011). In particular, the 
initial value of BMI before the weight gain should 
be included in the model to directly assess the 
independent effect of the subsequent weight gain 
on risk; then, the subsequent weight change is 
predominantly change in adiposity. At present, 
analysis and reporting of weight gain is incon-
sistent in the cancer epidemiology literature.

1.4.5	 Assessment of paediatric adiposity

The main anthropometric indicators of 
adiposity in children are BMI and waist circum-
ference, which provide sufficient information 
to enable classification of overweight or obesity 
when growth centile charts and ratios are used 
(Horan et al., 2015). There is little evidence that 
alternative measures, including skinfold thick-
ness and foot-to-foot BIA assessment, provide 
better estimates than BMI when measurements 
of weight and height are taken accurately and 
compared with appropriate growth charts and/
or cut-off values. Indirect proxy reporting, such 
as parental reports, should only be used with 
caution (Himes, 2009; Van Cauwenberghe et al., 
2014). In adolescents, self-reported height and 

weight have been shown to underestimate the 
prevalence of overweight, with a 25–50% under-
diagnosis of overweight (Sherry et al., 2007).
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