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GENERAL INTRODUCTION

Obesity
Obesity is defined as an excessive accumulation of fat that presents a risk to health (1).
Overweight and obesity are associated with numerous co‐morbid conditions like type 2
diabetes mellitus, hypertension, cardiovascular disease and certain forms of cancer (2).
Mental health conditions and reduced mental well being are often seen in obese indi‐
viduals (3, 4). Overweight and obesity used to only be a problem in high income coun‐
tries, but are now on the rise in low and middle income countries, especially in densely
populated areas. (5‐7).
Body mass index (BMI) is a simple calculation of weight‐for‐height that is common‐
ly used in classifying overweight and obesity in adult populations and individuals. It is
defined as weight in kilograms divided by the square of height in meters (kg/m2). A BMI
≥ 25 kg/m2 is referred to as overweight and a BMI ≥ 30 kg/m2 indicates obesity (1).
The prevalence of overweight and obese persons in the Dutch population is alarming.
From 1981 to 2004 the prevalence of obesity, based on measured body mass index, in
the Dutch population had almost doubled, reaching 10% for men and 13% for women
in 2004 (8). In 2011 according to self‐reported data, approximately half of the Dutch
population (54% of men and 43% of women) was overweight or obese (9).

A brief history of obesity
We now know that obesity is associated with numerous unfavourable health conse‐
quences (2). But for centuries, corpulence had a much more positive connotation than
it has now. Art objects made by Michelangelo (1475‐1564) and Rubens (1577‐1643)
show full and rounded women. Until the early 1900’s associations with affluence, pow‐
er and influence, can be seen in the paintings of industrial barons and feminine figures
by Auguste Renoir (1841‐1919). Even some former presidents of the USA (Hoover, Tay‐
lor, Grant, Taft and Cleveland) underline this association of obesity with prosperity,
health and strength. The medical literature starts to mention the health consequences
of obesity in the eighteenth century (10). William Cullen (1710‐1790) reported gout,
fatigue and breathing difficulties. But it wasn’t until the 1920’s that excess weight was
associated with increased mortality (11). By the 1960’s the study of obesity began to
flourish and body fat was no longer regarded as a passive energy store but was seen as
an organ with its own hormones, receptors and cellular biology (12).

Risk factors for weight gain
Since the association of excess weight with increased mortality, there has been an on‐
going search for the cause of the increasing epidemic of overweight and obesity. Endo‐
8
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crine causes of obesity are identified in less than 1 percent of children and adolescents
with obesity (13). The disorders that cause obesity in these persons include hypothy‐
roidism, cortisol excess, growth hormone deficiency, and acquired hypothalamic lesions
(14).
Physical activity and diet seem to be the most important actors in the obesity epi‐
demic in the general population (15). Weight gain and obesity in free living populations
results from a long‐term positive energy balance, where energy intake exceeds energy
expenditure (16). The ‘obesogenic’ environment that we are exposed to, makes it easy
to consume a lot of calorie dense food and to reduce energy expenditure to a minimum
(17). Research shows that the basis for an unhealthy lifestyle is already laid at a young
age, where television viewing, leisure time inactivity and an unhealthy diet are already
linked (18). When this basis is not adequately changed over the course of childhood or
adolescence, then obesity in adulthood is very likely (19).
There is also growing evidence that psychological problems play an important role
in the development and maintenance of obesity (4). Binge eating disorder or disturbed
eating habits are quite common among people who suffer from obesity. Prevalence
rates vary widely from 1% to 30% in patients seeking non‐surgical weight loss treat‐
ment (20) and 2% to 49% in bariatric surgery candidates (21, 22).
Genetic predisposition is currently a widely studied topic in obesity research. Re‐
sults from family studies suggest that the maximum heritability of obesity phenotypes
ranges from about 30% to 50% (23). Extensive research has identified several genes
that have shown associations with obesity related phenotypes (24) and that may be
involved in various processes ranging from regulation of eating behaviour (e.g. FTO, LEP
and MC4R (25)), to preadipocyte differentiation and fat storage (e.g. PPARG and PLIN)
(26‐29). Such genetic predisposition might also play a role when people are trying to
lose weight (30).

Co‐morbidities of obesity
Co‐morbidities are very common in obesity and include abnormalities in the endocrine,
cardiovascular, gastrointestinal, pulmonary, orthopedic, neurologic, dermatologic, and
psychosocial systems. Particularly, abdominal obesity is associated with resistance to
the effects of insulin on peripheral glucose and fatty acid utilization, often leading to
type 2 diabetes mellitus (31). Insulin resistance, associated hyperinsulinemia and hy‐
perglycemia, and also adipocyte‐secreted factors (adipokines) may also lead to vascular
endothelial dysfunction, an abnormal lipid profile, hypertension, and vascular inflam‐
mation, all of which promote the development of atherosclerotic cardiovascular dis‐
ease (CVD) (32‐35). A similar profile can be seen in individuals with abdominal obesity
without an excess of total body weight (36‐39). The co‐occurrence of metabolic risk
factors for both type 2 diabetes and CVD (abdominal obesity, hyperglycemia,
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dyslipidemia, low grade inflammation, and hypertension) suggested the existence of a
"metabolic syndrome" (35, 40‐42). Several factors associated with co‐morbid conditions
in obesity and relevant to this thesis will be discussed presently.

Impaired glucose tolerance
Impaired glucose tolerance (IGT) which predicts the development of diabetes, is a
common complication of childhood and adolescent obesity (43, 44). About 85% of all
patients who have type 2 diabetes mellitus are also obese (45). Early recognition of IGT
in obese persons is therefore essential for preventing type 2 diabetes.

Hyperlipidemia
Hyperlipidemia is a major risk factor for cardiovascular disease (32, 34). An increase in
BMI is associated with an increase in the occurrence of hyperlipidemia among adults
(46, 47). The typical pattern is one of an elevated concentration of serum low density
lipoprotein (LDL) cholesterol and triglycerides and a decreased concentration of high
density lipoprotein (HDL) cholesterol (47). Best predictors of future cardiovascular
events seem to be the total cholesterol/HDL ratio and the LDL/HDL ratio (48). Research
suggests to rather choose the total cholesterol/HDL ratio than the LDL/HDL ratio be‐
cause the triglyceride level (included in in the total cholesterol calculation)/HDL ratio
but not in the LDL/HDL ratio) is an independent predictor of coronary heart disease and
death from such among women (49).

Waist‐circumference
Waist circumference or waist‐to‐hip ratio, are useful ways of assessing fat distribution.
Increased values of waist circumference (men > 102cm; women > 88cm) or waist‐to‐hip
ratio (men > 0.95; women > 0.8) confer additional cardiovascular risk (50). Abdominal
obesity in particular increases the risk of CVD and type 2 diabetes because of impair‐
ments in lipid metabolism, an increase in inflammatory markers as well as the occur‐
rence of a pro‐thrombotic state (51) and hypertension (52).

Hypertension
The risk of hypertension is increased in overweight and obese subjects. In a large cross‐
sectional survey of US men and women, the prevalence of hypertension increased from
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18% for normal weight to 52% for obese (BMI 35 – 39.9 kg/m2) persons (46). Poirier et
al. (52) found a significant correlation between abdominal obesity and hypertension in
non‐obese men. Several mechanisms may contribute to an increase in blood pressure
resulting from increasing levels of abdominal adiposity in a manner independent of
insulin resistance.
Sympathetic activation associated with obesity and molecules released by hyper‐
trophied fat cells, are factors that may promote the formation of angiotensin II (Ang II)
and aldosterone, which have direct vasopressor and antinatriuretic effects. A local
renin‐angiotensinogen system (RAS) has been found to be present in human adipose
tissue and may act as a distinct system from the plasma RAS. Indeed, all components of
the RAS system: angiotensinogen [AGT], Ang II type 1 [AT1] receptor, and angiotensin‐
converting enzyme but not renin and AT2 receptor, are found in adipose tissue (52).
Fasting insulin may be related to hypertension by being a crude marker of the metabol‐
ic abnormalities associated with insulin resistance. However, results of the study by
Poirier et al. (52) suggests that WC may be a better marker of a cluster of blood pres‐
sure raising abnormalities than fasting insulin.

Treatment strategies
The optimal management of overweight and obesity starts with a combination of diet,
exercise, and behavioral modification. In addition, some patients eventually require
pharmacologic therapy or bariatric surgery.

Dietary treatment
Most dietary weight loss strategies lead to reasonable weight loss at 6 months (i.e. loss
of 5–10% of initial body weight). Caloric restriction, rather than macronutrient compo‐
sition seems to be the key determinant of diet based weight loss (53). With that weight
loss, these diets also show improvements in cardiometabolic risk factors (54). It should
be taken in consideration that some macronutrient compositions might be more fa‐
vourable over others depending on possible co‐morbid conditions like diabetes or hy‐
perlipidemia (55). In a recent large meta‐analysis, the authors concluded that every diet
works if adhered to (56). In the case of weight maintenance after weight loss, high
protein diets seem to produce the best results (54). These data show that weight loss
solely by dietary intervention can have a positive effect on metabolic risk factors.
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Physical activity
Increasing physical activity alone without a dietary intervention is hardly effective in
treating obesity, but exercise in combination with diet produces a moderately greater
weight loss than diet alone (57, 58). It also has many health benefits that are weight
loss independent. For example, it has been shown to improve the incidence of type 2
diabetes mellitus (59), lower levels of blood pressure, lipids and glycaemia (60‐62),
reduction in cardiovascular disease (63) particularly heart disease, and in mortality (64).
Improvements in biliary disease, respiratory capacity, cancer, and in psychological pa‐
rameters such as anxiety, depression and stress have also been reported (65). In the
2013 guideline for managing overweight and obesity the authors note that they typical‐
ly prescribe increasing aerobic physical activity (such as brisk walking) to more than 150
min/week (equal to >30 min/day most days of the week). The strategy starts with low
levels (10 min/day) and gradually increases to the goal (66).

Behavioural modification
Behaviour therapy is a useful addition to planned adjustments in food intake and physi‐
cal activity. Specific behavioural strategies include: self‐monitoring, stress manage‐
ment, stimulus control, problem solving, contingency management and cognitive re‐
structuring. Behavioural therapies may be employed to promote adoption of diet and
activity adjustments; these will be useful for a combined approach (67). Cognitive be‐
havioural therapy (CBT) is a potent therapy when treating disordered eating. It can
improve restrained eating and reduce disinhibition (68), two traits that are often seen
in obese patients (69). Enhancing social support may also be a means for improving
long‐term weight loss (70). Inclusion of family members or spouses is one of the best
ways to accomplish this. There are both short‐term and long‐term benefits to programs
that include strong family support. In a meta‐analysis of four 12 month behavioural
programs that included family members, mean weight loss in the family based inter‐
vention was approximately 3 kg more than in the control behavioural programs (71).

Drug therapy
Drug therapy may be effective if given without lifestyle modification (72, 73) but is
most effective when combined with diet, increased physical activity, and behaviour
modification (73). Therefore, weight loss drugs should only be used as part of a com‐
prehensive weight loss regimen (74). In the Netherlands there is only one weight loss
drug legally available: orlistat.
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Orlistat (brand name: Xenical©) is a lipase inhibitor (75), which acts by partially inhibit‐
ing the hydrolysis of triglycerides into absorbable free fatty acids and monoacylglycer‐
ols and thereby reduces caloric intake by inhibiting the absorption of dietary fats in the
intestinal lumen by around 30% (76). The major adverse effects with orlistat are gastro‐
intestinal. Fatty and oily stool, faecal urgency, and oily spotting occurred in 15−30% of
orlistat treated patients (2–7% with placebo) (77).
Recently, the European Medicines Agency has recommended bupropi‐
on/naltrexone (78) and liraglutide (79) for approval in weight management in adults. It
is expected that these two drugs will be available on the European market in 2015.

Surgery
The goal of bariatric surgery is to reduce the morbidity and mortality associated with
obesity and to improve metabolic and organ function. Several studies have demon‐
strated that bariatric surgery is effective in reducing obesity related comorbidities (80,
81). There are currently several weight loss surgery procedures available to treat obesi‐
ty. Bariatric surgery has two primary approaches to achieve weight loss, and treatment
typically emphasizes either the restrictive or mal‐absorptive approach or a combination
of the two (hybrid surgery).
Restrictive approaches limit the amount of food consumed by reducing the size of
the stomach, whereas hybrid approaches limit the absorption of nutrients by bypassing
parts of the intestine in addition to the stomach restriction (82). It should be mentioned
that bariatric surgery is usually only performed in the case of morbid obesity (BMI > 40
kg/m2) when other weight loss methods did not succeed.

Outline of the thesis
This thesis starts with a review on the effects of different starches and sugars on body
weight management and metabolic disturbances in chapter 2, with a clear focus on
obesity and its metabolic co‐morbidities. In chapter 3 we reported the 12 month results
in two of the study centers involved in the DIOGENES trial, Maastricht and Copenhagen.
The DIOGENES dietary intervention study was initiated to study the role of dietary pro‐
tein content and GI in the prevention of weight regain after weight loss. In chapter 4
we evaluated the 18 month CO‐EUR treatment programme and reported on treatment
results for weight, cardiometabolic risk factors, eating behaviour and quality of life. In
chapter 5 we explored the independent contributions of changes in weight, physical
activity, sleep efficiency and excessive daytime sleepiness, to changes in glucose toler‐
ance in obese subjects during treatment in the CO‐EUR programme. In chapter 6 we
searched for genetic predictors of high weight loss in an obese population that partici‐
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pated in the CO‐EUR treatment programme. In chapter 7, the main findings of this
thesis are discussed and are put into a broader perspective.
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Abstract
The rising prevalence of obesity, not only in adults but also in children
and adolescents, is one of the most important public health problems in developed and
developing countries. As one possible way to tackle obesity, a great interest has been
stimulated in understanding the relationship between different types of dietary carbo‐
hydrate and appetite regulation, body weight and body composition. The present arti‐
cle reviews the conclusions from recent reviews and meta‐analyses on the effects of
different starches and sugars on body weight management and metabolic disturbances,
and provides an update of the most recent studies on this topic. From the literature
reviewed in this paper, potential beneficial effects of intake of starchy foods, especially
those containing slowly‐digestible and resistant starches, and potential detrimental
effects of high intakes of fructose become apparent. This supports the intake of whole
grains, legumes and vegetables, which contain more appropriate sources of carbohy‐
drates associated with reduced risk of cardiovascular and other chronic diseases, rather
than foods rich in sugars, especially in the form of sugar‐sweetened beverages.
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Introduction
The rising prevalence of obesity, not only in adults but also in children and adolescents
is one of the most important public health problems in developed and developing
countries (1). Even though more and more people are becoming aware of the magni‐
tude of the problem and the serious consequences associated to the development of
obesity (2, 3) it continues to grow.
Lifestyle changes together with genetic predisposition play an important role in the
obesity problem (4) Large numbers of new products and technological advances have
led to a lifestyle characterized by the high availability of energy‐dense foods and a high
level of physical inactivity (5). Although, weight loss is usually not so difficult to attain,
especially for people with a strong motivation, the real problem remains in the mainte‐
nance of the achieved body weight, since during this period individuals have to contin‐
ue with habits learned during the intervention in an environment that promotes just
the opposite. Indeed, the success rate over the long term is considered poor. Neverthe‐
less, lifestyle change in diet and physical activity are still regarded as the primary strat‐
egy for weight loss, weight management, as well as for improving metabolic alterations
(6). Dietary recommendations have not changed much over the last forty years and the
most commonly recommended macronutrient distribution is still 50–60% for carbohy‐
drates, 30% for fat and 10–20% for proteins. Energy restriction and adherence to the
energy‐restricted diet appear to be more important than the macronutrient distribu‐
tion of such a diet in causing weight loss (7). However, increasing evidence shows that
changes in protein, carbohydrate and lipid proportions could be a key factor to improve
body weight regulation after a weight loss program (8). Thus, macronutrient distribu‐
tion, together with food properties (energy density, satiety value, taste, metabolic re‐
sponse elicited, etc.), are all nutritional factors conditioning energy balance. Therefore,
they have the potential to contribute to better maintenance of body weight and better
metabolic regulation.
Scientific evidence shows that high‐fat diets have a high energy density and low
satiety value, which facilitate passive overconsumption (9). On the other hand, high‐
protein diets could be an alternative, since proteins have a high satiety effect that may
favour energy intake control (10). Low‐fat/high carbohydrate diets also seem to be
effective for body weight management (11), however the amount and type of carbohy‐
drates included influence the metabolic responses. Indeed, high carbohydrate and
specifically high sugar consumption are often considered particularly harmful with
respect to energy balance disturbances due to their specific properties related to post‐
prandial metabolism, the balance between nutrient storage and oxidation, the effects
on hunger and satiety, and hence on caloric intake and energy balance (Figure 1).
The present article reviews the conclusions from the latest reviews and meta‐analyses,
if available, on the effects of different starches and sugars on parameters of body
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weight management and metabolic disturbances and provides an update of the most
recent studies on this topic.

Carbohydrates

Sugars
Monosaccharides
Fructose

Polysaccharides

Disaccharides

Glucose

Sucrose, lactose…

Rapidly absorbed

Metabolized without
insulin secretion

Starch

SDS

Slowly digested

High insulin release
Enterocytes
metabolization

Liver
metabolization

Hypoglycemia
Hungry

Lactate
+
glucose

Glycogen
hepatic

de novo
lipogenesis

Triacylglycerol
hepatic

Limited rise in
glycemia

Energy intake

Insulin
resistance

Low insulin
response
Continued satiety
level

Rapidly digested
and absorbed
Rapid elevation of
blood glucose

Energy intake
control

Impaired
glucose
tolerance

High blood
pressure

RS
Not digested
Colonic bacteria
fermentation

High insulin
secretion

Short chain fatty
acid formation

Hypoglycemia

Increase satiety
level

Overconsumption

Adverse metabolic
effects
Hepatic
steatosis

Sustained glucose
release

RDS

Hungry feeling
Lack of energy
intake control

Energy intake
control

Overconsumption

Figure 1. Carbohydrate classification and their main postprandial effects. SDS: slowly digestible starch; RDS:
rapid digestible starch; RS: resistant starch.

Classification of carbohydrates
The classification of dietary carbohydrates is based on the degree of polymerization
(DP) and type of linkage (alpha or beta). This divides carbohydrates into three main
groups, sugars (DP 1–2), oligosaccharides (short‐chain carbohydrates) (DP 3–9) and
polysaccharides (DP > or =10) (12). Sugars can be grouped into monosaccharides, disac‐
charides and polyols or sugar‐alcohols. Polysaccharides can be divided into starch and
non‐starch polysaccharides (Table 1).
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Table 1. Classification of dietary carbohydrates (adapted from (13)).
Class

Subgroup

Principal components

Sugars (mono‐ and
disaccharides)

Monosaccharides

Glucose, fructose, galactose

Disaccharides

Sucrose, lactose, maltose, trehalose

Sugar‐alcohols (polyols)
Oligosaccharides

Sorbitol, mannitol, lactitol, xylitol, erythritol, isomalt‐
itol, maltitol
Maltooligosaccharides
(alpha‐glucans)

Maltodextrins

Non‐alpha‐glucan oligosac‐ Raffinose, stachyose, fructo‐ and galactooligosaccha‐
charides
rides, polydextrose, inulin
Polysaccharides

Starch (alpha‐glucans)

Amylose, amylopectin, modified starches

Non‐starch polysaccharides Cellulose, hemicellulose, pectins, hydrocolloids (e.g.
gums, mucilages, beta‐glucans)

For the purpose of this review the term “sugars” is used for all sugars from all sources
other than polyols. Specific attention will be paid to fructose, either being part of su‐
crose or high fructose corn syrup (HFCS), because there is (inconsistent) evidence that
the consumption of fructose may be part of the cause of the obesity epidemic (14). The
term “starches” in this review addresses only the starch polysaccharides (amylose,
amylopectin and modified starches).

Carbohydrate digestion
Nutritional properties of carbohydrates depend on their rate and extent of digestion
and absorption in the small intestine (15). The type of monosaccharide absorbed, and
the presence of other nutritional components such as fat, dietary fiber, and protein,
also influences the physiological response to carbohydrates.
Only monosaccharide species like glucose, fructose and galactose can be absorbed
via active membrane transport systems. Disaccharides and polysaccharides have to be
split into their monosaccharide components to be absorbed.
The starch source, granular structure, and the degree of isolation and processing
are important factors influencing starch digestion. Moreover, starches that are relative‐
ly high in amylose content tend to be more resistant to digestion than starches with
higher amylopectin content. Considering this, starch can be divided into rapidly digesti‐
ble starch (RDS), slowly digestible starch (SDS), and resistant starch (RS) (16). RDS is
rapidly digested and absorbed in the duodenum and proximal regions of the small in‐
testine leading to a rapid elevation of blood glucose and usually a subsequent episode
of hypoglycaemia. These rapid and large increases in blood glucose levels can further
lead to cell, tissue and organ damage (17). RS (which can also be divided into different
types, see Table 2) is not digested in the upper gastrointestinal tract but is fermented
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by the colonic microflora, producing short chain fatty acids that provide additional
energy to the body along with butyrate that is beneficial to colonic health. SDS is di‐
gested slowly throughout the small intestine to provide sustained glucose release with
a low initial glycemia and subsequently a slow and prolonged release of glucose, lead‐
ing to prolonged energy availability, compared to more rapidly digestible starch (15).
Table 2. Classification of naturally occurring starch (adapted from (18)).
Example

Probable digestion in the
small intestine

Rapidly digestible starch

Freshly cooked starchy foods

Rapid

Slowly digestible starch

Most raw cereals

Slow but complete

Type of starch

Resistant starch
1)

Physically indigestible
Partly milled grains and seeds
starch

Resistant

2)

Resistant starch
granules

Raw potato and banana

Resistant

3)

Retrograded starch

Cooled, cooked potato, bread, and cornflakes

Resistant

Glycemic index and glycemic load
The glycemic response to ingestion of a carbohydrate depends on the amount, rate of
digestion, absorption and metabolism of the ingested carbohydrate. To describe the
physiological effect of a food’s carbohydrate content on postprandial blood glucose
concentration, the glycemic index of foods (GI) has been introduced (19). The glycemic
index of a food quantifies the area under the glycemic response curve (AUC) of a test
food, compared to the same amount (usually 50 g of available carbohydrate) of a refer‐
ence food, most often glucose or white bread (19). Generally, foods with a GI ≤ 55 are
classified as low GI, whereas foods with a GI ≥ 70 are classified as high GI foods. Low‐GI
foods are those that elicit a low postprandial glucose response which, in turn, induces a
lower rise in circulating insulin and related gastrointestinal hormones, such as incretins,
gastric inhibitory polypeptide (GIP), and glucagon‐like peptide‐1 (GLP‐1). The lower but
sustained insulin secretion reduces free fatty acids levels improving cellular glucose
metabolism (20). Consequently, blood glucose levels remain closer to baseline despite
continued glucose absorption from the small intestine. In contrast, high‐GI foods in‐
crease insulin secretion leading to a postprandial hyperinsulinemia, which has a lipo‐
genic effect.
Because the glycemic response to food ingestion not only depends on the GI but
also on the total amount of carbohydrates ingested, the concept of glycemic load (GL)
has been introduced. Glycemic load is the product of a food’s GI and its total available
carbohydrate content: GL = [GI × carbohydrate (g)]/100. Therefore, the GL provides a
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summary measure of the relative glycemic impact of a typical serving of the food.
Foods with a GL ≤ 10 have been classified as low GL, and those with a value ≥ 20 as high
GL (21).

Starches, obesity and factors of the metabolic syndrome

Starch intake, appetite, energy expenditure and body weight
It is known that an excessive intake from all macronutrients, including carbohydrates,
contributes to the development of obesity. As mentioned before, starch can be divided
into rapidly digestible starch (RDS), slowly digestible starch (SDS) and resistant starch
(RS) (Table 2). Starch foods usually contain all three of the fractions and cannot be
easily separated into pure RDS, SDS and RS foods. Many interventions have been car‐
ried out to assess the involvement of starch consumption in appetite, energy expendi‐
ture and hence, in body weight regulation. Several studies have shown that higher
intakes of SDS and RS are associated with increased satiety, reduced hunger and/or
reduced body weight (22)

Short‐term effects on energy intake and satiety
Although the mechanisms are not totally clear, a primary mechanism by which starches
are thought to regulate satiety and food intake is through their effect on blood glucose.
Most nutritional intervention studies use GI to compare the effects after carbohydrate
consumption. Two recent reviews concluded that consumption of high‐GI foods in‐
crease hunger and decrease satiety levels in short‐term human intervention studies
(23, 24). Several newer studies have since addressed this issue. A randomized crossover
study by Sands et al. (25) examined the effects of waxy maize (WM) (amylopectin, a
rapidly digested starch in a slowly digested form (uncooked)) and a maltodextrin‐
sucrose mixture (MS) (rapidly digestible carbohydrate) or white bread (control) on
postprandial insulin and glucose, whole‐body energy expenditure and appetite in men
and women. Twelve subjects (BMI 22.2 ± 0.7 kg/m2) consumed 50 g of available carbo‐
hydrate as WM, MS or white bread on separate days. Postprandial plasma glucose,
insulin and appetite (hunger, fullness, and desire to eat) were measured over 4 h. The
results indicated that consumption of uncooked WM, a slowly digestible starch, leads
to lower postprandial glucose and insulin concentrations without an effect on appetite
compared to the consumption of rapidly digested MS (25). Another randomized crosso‐
ver study by Kristensen et al. evaluated the effect of iso‐caloric meals of wholemeal
wheat breads and pasta in 16 young adults, in comparison to similar refined wheat
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products on postprandial glycemia, appetite and ad libitum energy intake (EI). The
meals (50 g carbohydrates) consisted of refined wheat bread (RWB), wholegrain wheat
bread (WWB), refined wheat pasta (RWP) and wholegrain wheat pasta (WWP) and
were served after an overnight fast. Appetite ratings and blood glucose were assessed
for 180 min after which an ad libitum lunch meal was served and EI measured. Results
showed that wholemeal breads increased satiety measures compared to their refined
counterparts; however no differences were observed in the subsequent EI (26). Like‐
wise, another crossover study by Schroeder et al. compared the effect of whole grain
high‐fiber barley, whole grain wheat and refined rice‐based foods on EI and satiety.
Forty‐seven healthy subjects consumed a breakfast and, two hours later, a snack con‐
taining barley, wheat, or refined rice, followed 90 min later by an ad libitum lunch. The
intake of a whole grain high‐fiber barley, whole grain wheat, or refined rice breakfast
and snack did not decrease energy intake at lunch (27). A randomized crossover inter‐
vention study by Aston and coworkers, consisting of two consecutive 12‐week periods
to assess the effects of a reduced glycemic index diet on appetite, did not find differ‐
ences in satiety, nor in energy intake from a midmorning snack 2 h and an ad libitum
lunch 4 h after a high or low GI breakfast differing in GI by 12 units at the end of the
intervention period in 19 subjects (28).
Resistant starch, a fermentable carbohydrate, has been proposed to have proper‐
ties similar to dietary fiber (29) and therefore could also affect satiety and exert a bene‐
ficial role in weight regulation. Some in vivo studies in humans have shown that meals
high in resistant starch resulted in lower glucose and insulin responses and induced
greater satiety for 2–6 h (30). Recently, a randomized double‐blind, crossover study by
Willis et al. compared the effects of four fibers and a low fiber treatment on satiety
(22). Fibers were baked in muffins and were chosen in order to represent soluble, in‐
soluble, and RS characteristics. Twenty healthy subjects (7 men and 13 women) tested
the five different muffins (identical macronutrient content) in five different visits where
the satiety level was evaluated postprandially for 3 h. Results showed that subjects
were less hungry after eating RS than after eating the low fiber muffin and RS stimulat‐
ed less desire for food intake than the low fiber treatment.
An acute randomized, single‐blind crossover study by Bodinham et al. aimed to
determine the effects of consumption of 48 g RS on appetite, compared to an energy‐
and available carbohydrate‐matched placebo. Twenty young healthy adult males con‐
sumed either RS or placebo divided equally between two mixed meals (breakfast and
lunch) on two separate occasions. Effects on appetite were assessed using an ad libitum
test meal 3 h after the lunch was consumed and from 24‐h diet diaries for the whole 24
h of the study day. There was a significantly lower energy intake following the RS sup‐
plement compared to the placebo supplement at both the ad libitum test meal and
over the 24 h (31). Thus, RS intake seems to have beneficial effects on short‐term sa‐
tiety and food intake.
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Effect on energy expenditure
The more prolonged energy availability after SDS consumption may also lead to a more
extended increase in energy expenditure. However, there are few studies regarding the
effects of starch consumption on energy expenditure. A crossover study by Sands et al.
examined the effects of a slowly digestible starch and rapidly digestible carbohydrate
on postprandial whole‐body energy expenditure and showed no differences in post‐
prandial energy expenditure between the starches (25). An older, highly controlled 14
day study by Raben et al. compared the impact on energy expenditure of ad libitum
high‐sucrose vs. high‐starch and a high fat diet in 20 normal weight or post‐obese
women in a randomized crossover design. The 24 h energy expenditure was signifi‐
cantly increased after 14 days on the sucrose diet compared with the other diets. How‐
ever, this increase was explained by the increased intake of energy and fructose on this
diet (32). A review by Dulloo and co‐workers of energy balance studies in animal mod‐
els suggested that a tendency for sugar‐fed animals to have higher metabolizable ener‐
gy intakes which induced increases in metabolic rate (33). The reviewed studies indi‐
cated that differences in energy balance between sugar and starch are small and that
any increase in thermogenesis that occurred in some of the groups fed sugar‐rich diets
was in response to the higher energy intake rather than due to a lower efficiency of
utilization of sucrose per se (33).
A study by Heijnen et al. described the effect of replacement of digestible starch by
resistant starch on diet‐induced thermogenesis (DIT) (34). Ten healthy males consumed
three test meals, consisting of diluted, artificially‐sweetened fruit syrup and either 50 g
raw potato starch (550 g ∙RS/kg), or 50 g pregelatinized potato starch (0 g ∙RS/kg) or 30
g pregelatinized potato starch plus 20 g lactulose (670 g indigestible disaccharide/kg).
The meals were served in the morning after an overnight fast. Each volunteer con‐
sumed each meal twice on six separate days in random order. Metabolic rate was
measured by indirect calorimetry in the fasting state and postprandially for 5 h. Results
showed that the replacement of digestible starch by RS in a single meal lowered DIT,
however, the ingestion of lactulose resulted in a substantial rise in DIT which was relat‐
ed to its fermentation (34). A more recent crossover study by Keogh and coworkers
examined the effect of barley flour, high in soluble fiber and amylose, incorporated into
breakfast and lunch compared with otherwise identical meals containing white wheat
flour on the thermic effect of food. Fourteen healthy women consumed a test breakfast
at 7:00 and a test lunch at 13:30. Energy expenditure was measured before and after
the test lunch, showing no differences in the thermic effect of the foods (35).
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Effect on body weight
Much interest has been focused on the relationship between glycemic index and body‐
weight loss or body weight regulation. Acute meal studies seem to point to an effect of
glycaemic index on appetite and hence on body weight regulation, however, the results
of longer‐term studies of weight loss are not as clear. Indeed, recent conclusions from
different reviews suggest that there is no evidence that an ad libitum diet with a low‐GI
causes more weight loss than a diet with a high‐GI when total carbohydrate intake is
not different (36). Likewise, it is also confirmed that there is insufficient evidence that
an exchange of sugar for non‐sugar carbohydrates in the context of a reduced‐fat ad
libitum diet or energy‐restricted diet result in greater weight reduction (37). On the
other hand, an overall systematic review suggested an overall positive effect of low
glycemic or low glycemic load diets on weight loss (38). However, no clear distinction
was made between these two types of diet.
A recent trial by Larsen et al. studied the effect of varying protein content and GI of
an ad libitum diet on body weight maintenance after body weight loss in 773 adults,
548 of whom completed the six month trial. Both the higher protein content and the
lower GI improved completion rate and weight loss maintenance (39).
Animal studies observed that a diet high in RS reduced adipose tissue with no
changes in body weight, suggesting a central role of short‐chain fatty acids (40). A re‐
cent study showed that an amylose‐rich, high RS, ad libitum diet resulted in both less
body weight and less body fat gain than a high amylopectin, low RS, diet (41). In anoth‐
er study four groups of male C57BL/6J mice (n = 10 per group) were exposed to long‐
term (20 weeks) or short‐term (6 weeks) isoenergetic and macronutrient matched diets
only differing in starch type and as such GI. Mice fed the high GI diet showed a rapid‐
onset (from week 5) marked increase in body fat mass compared to mice in the other
three starch groups (42). In combination, the findings described above suggest that RS
and SDS are attractive dietary targets for weight gain prevention and weight loss diets.

Starch intake and insulin resistance
The starch composition of food and its rate of digestion are determinants of blood
glucose and insulin levels (43). Several studies have shown that higher intakes of slowly
digested and resistant starches are associated with a reduced glycemic response and
insulin resistance (22, 44), while rapidly digestible starch may lead to hyperglycemic
episodes, being associated with an increased risk of insulin resistance and type 2 diabe‐
tes (45).
Most of the health benefits of SDS are deduced from low‐GI foods which may have
a similar glycemic response as SDS. Seal et al. 2003 (46) showed that acute testing of
SDS (corn starch) produced a slow and prolonged postprandial release of glucose and
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corresponding low insulin levels throughout the digestion process without a hypogly‐
cemic effect. However, the consumption of RDS induced a rapid increase of plasma
glucose and subsequent hypoglycaemia. Moreover, SDS consumption also prolonged
exogenous glucose oxidation and produced a lower level of circulating non‐esterified
fatty acids (NEFA).
A group of thirty‐one obese subjects with elevated fasting blood glucose was ran‐
domly assigned to a two‐way crossover study by Rave et al. (2007) to evaluate the po‐
tential of a whole‐grain based dietary product (WG) in comparison to a nutrient‐dense
meal replacement product (MR) with a similar energy but higher sugar content, during
a hypo‐energetic diet (4‐week treatment periods with a 2‐week washout period be‐
tween them) on fasting blood glucose and insulin resistance. Subjects replaced at least
two daily meals with WG and MR, respectively, targeting for a consumption of 200 g of
either product per day. Fasting blood glucose and insulin resistance score improved
during both treatment periods. However, when variables were adjusted for the amount
of body weight lost, fasting serum insulin and HOMA improved more with WG than
with MR (44). Another randomized crossover study of matched diets differing only in GI
and GL in 24 overweight or obese investigated the effect on insulin sensitivity. Each
participant consumed both diets in random order for four weeks each, with a 4‐week
washout period in between. No differences in glucose metabolism factors were found
(47). Thus, although a reduction of dietary glycemic response has been proposed as a
means of reducing the risk of diabetes, the impact of glycemic response on markers of
health is not totally clear. Overall, Ells et al. (45) proposed an increase in the consump‐
tion of SDS to reduce potential risk factors for type 2 diabetes and metabolic syndrome.
Indeed, several authors suggest that certain low‐GI foods can lower glycemia not only
in direct connection to a meal (acutely), but also at a consecutive standardized second
meal, i.e., lunch after a test breakfast or breakfast after a test dinner, indicating im‐
provements in insulin sensitivity or insulin economy also within a semi‐acute time
frame (48‐51). In the case of benefits of breakfast into lunch, the key factor involved is
likely the lente carbohydrate (capable of maintaining a low but sustained net increment
in blood glucose) (49, 52, 53). However, with respect to the influence of the evening
meal on the response to breakfast, other properties of the low‐GI foods, such as the
specific amount of indigestible carbohydrates, might contribute to the improvement of
glucose tolerance (48, 51). A study carried out by Nilsson et al. to assess whether acute
glycemia and glycemia after subsequent meals can be modulated by the characteristics
of cereal foods, such as glycemic index and content of indigestible carbohydrates, eval‐
uated twelve healthy subjects who had to consume test meals in random order. In
series 1, test meals were consumed at breakfast and in series 2, the subjects consumed
test evening meals. The authors confirmed that glucose tolerance at subsequent meals
can be notably improved during the course of a whole day or overnight by choosing
specific low GI, whole‐grain cereal products. They also suggested that a low GI may be
sufficient to achieve a second‐meal effect from breakfast to lunch and a specific indi‐
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gestible carbohydrate mixture appears to be required to show benefits on glucose tol‐
erance over a longer time frame (9.5 h), most likely mediated through colonic fermen‐
tation (54).
In this sense, a great number of authors emphasize the positive influence on insulin
sensitivity of resistant starch consumption or supplementation (55‐60). Diets rich in RS
are associated with a reduced risk of diabetes. Animal studies have shown that high RS
consumption improves insulin sensitivity via changes in ectopic fat storage (40, 61).
However, a nutritional intervention study by Johnston et al. carried out in 20 insulin
resistant subjects, showed that the consumption of RS improved insulin sensitivity, but
this improvement was not related to changes in body adiposity (56). The main suggest‐
ed mechanism is the colonic fermentation of indigestible carbohydrates (RS), which
results in the formation of short chain fatty acids (mainly acetic, propionic, and butyric
acids) (62). These metabolites may enter the circulation, and it has been suggested that
certain short chain fatty acids may exert systemic effects, including benefits on glucose
metabolism (58, 59). Another study by Robertson et al. assessed acute changes in the
insoluble‐fiber (resistant starch) content of the diet on postprandial glucose. Thus, ten
healthy subjects consumed two identical, low‐residue diets on separate occasions for
24 h (33% fat; <2 g dietary fiber). One of the diets was supplemented with 60 g RS and
the following morning a fiber‐free meal tolerance test was carried out. The RS con‐
sumption led to lower postprandial glucose and insulin with higher insulin sensitivity,
but also enhanced carbohydrate handling in the postprandial period the following day,
which was potentially due to the increased rate of colonic fermentation (58). Likewise,
a 4‐week supplementation period with 30 g resistant starch/d compared with placebo
resulted in higher insulin sensitivity and higher insulin sensitivity during a meal toler‐
ance test. Moreover, despite lower insulin concentration, muscle glucose clearance
during the meal tolerance test was also higher after resistant starch supplementation
(59). Brighenti et al. (62) studied the “second‐meal effect” of greater fermentation of
high‐GI and low‐GI carbohydrates eaten during a previous meal. Ten healthy volunteers
ate three breakfast test meals consisting of sponge cakes made with rapidly digestible,
non‐fermentable starch (high‐GI meal), or slowly digestible, partly fermentable starch
(low‐GI meal). Five hours later, subjects were fed the same standard lunch. Both the
high‐GI and low‐GI meals improved glucose tolerance at lunch, but, in the case of the
high‐GI meal the effect was concomitant with low non‐esterified fatty acid concentra‐
tions and delayed gastric emptying. The authors concluded that fermentable carbohy‐
drates, independent of their effect on a food´s glycemic index, have the potential to
regulate postprandial responses to a second meal.
Thus, further work needs to be done before a firm conclusion can be drawn about
the optimal amount and type of dietary carbohydrate for the prevention and treatment
of insulin resistance, impaired glucose tolerance and type 2 diabetes, but it is clear that
SDS as well as RS are important dietary components strongly associated with health
improvements and reduced metabolic risks of these prevalent diseases.
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Starch intake and lipids
Although there is strong evidence that the amount and type of fat in the diet can have
strong effects on metabolism, the types of carbohydrates influencing metabolic param‐
eters is also of great interest. In this sense, slowly digestible starch seem to be related
to some benefits on lipid metabolism, while rapidly digestible starch or high glycemic
index carbohydrates are associated with a higher prevalence of the metabolic syn‐
drome (63).
Low glycemic index foods may alter serum lipids by prolonging absorption time,
spreading the nutrient load, and modifying the endocrine and metabolite response to
food (64). It has been also suggested that low glycemic index foods or carbohydrates
that are not so resistant to absorption, but rather are slowly absorbed, possess some of
the features of dietary fiber in providing a substrate for colonic bacterial fermentation
(64). In the small intestine, they form lente or sustained release carbohydrates which
have been related to improvements in blood lipid profiles in hyperlipidemic individuals
(65). Resistant starch may lower plasma lipid levels, especially plasma cholesterol, by
delaying gastric emptying, thereby limiting hepatic lipogenesis owing to less glucose as
substrate and less insulin as an activator. It may also interfere with digestive enzymes
decreasing substrates availability for hepatic lipid synthesis or it may interfere with
micelle formation, resulting in less cholesterol absorption. Likewise, RS may inhibit
hepatic cholesterol biosynthesis due to the inhibitory effects of propionate (derived
from colonic fermentation of RS) on HMG‐CoA reductase activity (66).
In a randomized crossover study of matched diets differing only in GI and glycemic
load (GL) by Shikany et al., 24 overweight or obese subjects were followed for two peri‐
ods of four weeks with a 4‐week washout period between them. The high‐GI/GL diet
resulted in significant reductions in total and low‐density lipoprotein cholesterol,
whereas high‐density lipoprotein cholesterol concentration was significantly reduced
on the high‐GI/GL diet compared with the low‐GI/GL diet (47). In larger cohort studies,
low glycemic index foods or low glycemic index diets have been associated with higher
HDL‐cholesterol levels and reduced incidence of diabetes and cardiovascular disease
(67). Likewise, in an older, metabolically controlled, study of 20 type 2 diabetic men and
women fed high and low glycemic index diets for two 24‐day periods by Jarvi et al., the
low glycemic index diet resulted in lower serum LDL levels in comparison with the con‐
trol diet (68). In a study of 38 moderately hypercholesterolemic free‐living men by
Turley et al., low‐GI carbohydrates were increased by the use of grains, vegetable, leg‐
umes and fruit. This increased carbohydrate consumption reduced LDL and the
LDL/HDL ratio with minor changes in HDL and triglycerides (69).
Hypocholesterolemic effects have been mainly related to RS consumption, but
available information is contradictory. RS seems to decrease plasma cholesterol and
triglyceride concentrations (30), but little is still known about the impact of RS on lipid
metabolism. Animal studies indicate that a high RS diet leads to a lower weight of fat
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depots and can reduce serum total cholesterol triacylgycerol concentrations (70, 71). In
humans, five weeks of RS feeding lowered fasting cholesterol and triglyceride concen‐
trations (72). Likewise, a study by Higgins et al. examined the relationship between RS
content of a meal and postprandial/post‐absorptive fat oxidation. Twelve subjects con‐
sumed meals containing 0%, 2.7%, 5.4%, and 10.7% RS (as a percentage of total carbo‐
hydrate). Respiratory quotient was measured hourly. Breath samples were collected
hourly following the meal and gluteal fat biopsies were also obtained at 0 and 24 h.
Resistant starch, regardless of dose, had no effect on carbohydrate metabolism, free
fatty acids or triacylglycerol concentration, nor on meal fat storage. However, data
from indirect calorimetry showed that an addition of 5.4% RS to the diet significantly
increased postprandial fat oxidation by 23%. Thus, the authors suggested that replace‐
ment of total dietary carbohydrate with RS increases postprandial lipid oxidation and
may decrease fat accumulation in the long term (30).
The intervention study by Robertson et al. showed that acute changes in RS con‐
tent had effects on postprandial carbohydrate concentrations, however, there was no
effect on plasma triacylglycerol concentrations (58). Eight non‐diabetic subjects and
four subjects with diet‐controlled type 2 diabetes participated in a randomized cross‐
over study by Culling et al. (2009), using a short‐term intensive dietary modification to
test the influence of the nature of the carbohydrates on metabolic responses. Volun‐
teers had to follow three isoenergetic diets, each for three days: high‐fat (50% energy
from fat), high‐starch and high‐sugar (70% energy from carbohydrate each). Analysis of
the variables showed that fasting triacylglycerol (TG) concentrations were greatest
following the high‐sugar diet, and lowest following the high‐fat diet. There were no
differences in TG concentration on the high‐starch and high‐fat diets (60).
Postprandial metabolism of two starches with different rates of hydrolysis in vitro
was studied by Ells et al. One contained predominantly rapidly digestible starch and the
other contained predominantly slowly digestible starch. Ten healthy female volunteers
ate each test starch as part of a moderate fat test meal (containing 75 g test starch and
21 g fat) in a double‐blind randomized crossover design. The metabolic response to
each starch was measured after an overnight fast, in an acute 6 h study, before and
after 14 days of daily consumption of 75 g test starch. Significantly more rapid and
greater changes were found in glucose metabolism, as well as on non‐esterified fatty
acids, after consumption of the rapidly digestible starch. The 14 day adaptation period
did not affect any of the glycemic or lipemic variables (45).
Thus, slowly absorbable and non‐absorbable carbohydrates may all influence se‐
rum lipids and modify risk factors for cardiovascular disease. Resistant starch is associ‐
ated with several changes in metabolism, which may confer some health benefits.
However, the effect of the products of colonic fermentation and their relation to serum
lipids requires further investigation.

32

CHAPTER 2

Starch intake and hormonal responses
Starch is classified in RDS, SDS and RS in order to characterize its nutritional property
since each fraction has important physiological consequences that differently affect
metabolic hormones related to body weight regulation, satiety and energy intake. Be‐
cause dietary carbohydrates vary in their rate of digestion and thus in glucose release
and absorption, it is conceivable that the ability to stimulate incretin hormone secre‐
tion differs among the various types of carbohydrates. A recent review suggests a criti‐
cal role of low‐GI and fermentable carbohydrates for appetite regulation, since short
chain fatty acids (SCFA), the products of carbohydrate fermentation, seem to activate
gut hormone secretion, leading to appetite suppression (55).
The main incretin hormones are glucagon‐like peptide‐1 (GLP‐1) and glucose‐
dependent insulinotropic polypeptide (GIP). Both play a role in the control of glucose
homeostasis, and GIP is also implicated in the regulation of energy storage. Both hor‐
mones are secreted in response to ingestion of a meal. Other important hormones to
be taken into account are leptin and ghrelin, which are antagonistic hormones with
main roles in the regulation of food intake, energy expenditure and fat reserves (73).
Leptin is a hormone mainly produced and secreted by the adipose tissue, in proportion
to the amount of fat stored, which contributes to the long‐term regulation of body
weight by decreasing food intake and increasing energy expenditure (74). Leptin is also
produced by the stomach in response to feeding, being also involved in the acute regu‐
lation of food intake acting as a satiating hormone (75). Ghrelin is a hormone with an‐
tagonistic effects to those of leptin. It is known that ghrelin stimulates food intake and
rises preprandially initiating voluntary meals (76). Recently, a study carried out in ani‐
mals showed that diet composition influenced leptin and ghrelin production and secre‐
tion differentially. Thus, carbohydrate feeding resulted in lower ghrelin and higher
leptin levels than fat feeding (77). In a recent review (24) authors discuss the relation‐
ship between GI, leptin and ghrelin. Insulin and insulin‐mediated glucose uptake and
metabolism in adipose tissue affect blood leptin concentration and its diurnal pattern.
The circulating ghrelin level is suppressed by carbohydrate‐rich meals, presumably via
glycemia and insulinemia. However, insulin‐mediated leptin stimulation and ghrelin
suppression per se are not consistent among studies. Thus, authors were not able to
identify a clear relationship among GI, satiety‐inducing leptin, and appetite‐inducing
ghrelin (24).
Nilsson et al. (78) studied the effect of eight cereal‐based bread evening meals (50
g available starch), varying in GI and content of indigestible carbohydrates on incretin
hormones after a subsequent standardized high‐GI breakfast in healthy subjects (n =
15). The GLP‐1 and glucose responses after the standardized breakfast were inversely
related. Animal studies suggest that this effect may be mediated by bacterial colonic
fermentation and formation of SCFA. Thus, low‐GI whole grain foods appear to be ca‐
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pable of improving glycemic and satiety control not only acutely, but also at a meal 10 h
later (78).
A crossover study evaluated the effect of glucose and two starchy foods, varying in
their content of rapidly and slowly available glucose, on plasma concentrations of GIP
and GLP‐1 in seven healthy volunteers (BMI 21.6 ± 1.1 kg/m2; age 23.4 years). Each
volunteer was studied on three occasions at least one week apart. Test meals were:
glucose, uncooked cornstarch (UCCS) and corn pasta (CP). In vitro characteristics were
measured with the Englyst method, classifying the glucose fraction into rapidly availa‐
ble glucose (RAG) or slowly available glucose (SAG) to reflect the likely rate of release
and absorption of glucose. CP contained more RAG than UCCS (89 and 28% of the total
amount of carbohydrates, respectively). After the test meal was ingested, blood sam‐
ples were taken at frequent intervals for 8 h. GIP concentrations were higher after in‐
gestion of glucose than that after CP and UCCS ingestion. The intake of UCCS induced a
sustained elevation of the incretin hormone of glucagon‐like peptide‐1 in the later
stage (180–300 min), which can decrease gastric emptying and improve glycemic re‐
sponse (79), as well as prolong satiety (80).
An animal study showed that the inclusion of RS in the diet affected energy balance
through its effect as stimulator of gut peptide YY (PYY) and GLP‐1 expression (81). More
recently, a crossover study by Tarini and Wolever evaluated the effect of fermentable
fiber on gut hormone responses in healthy subjects. Thus, 12 subjects were studied for
6 h after consuming 400 mL drinks, containing 80 g high‐fructose corn syrup (80HFCS),
56 g HFCS (56HFCS) or 56 g HFCS plus 24 g of fermentable fiber (inulin). Four hours
after the test drink a standard lunch was served. Inulin significantly increased plasma
glucagon‐like peptide‐1 concentrations at 30 min, and reduced ghrelin at 4.5 h and 6 h.
These results support the hypothesis that dietary fermentable fiber increases the pro‐
duction of colonic short‐chain fatty acids, which may reduce postprandial free fatty acid
concentration and favorably affects the release of gut hormones that regulate food
intake (57).
All these properties make RS and SDS attractive dietary targets for the develop‐
ment of weight maintenance diets and diets for the prevention and treatment of meta‐
bolic syndrome and cardiovascular risk factors.

Sugars, obesity and factors of the metabolic syndrome
The three macronutrients have different effects on satiety, with protein being the most
and fat the least satiating. This hierarchy of macronutrients is also present in their
thermic effect, where protein elicits the highest and fat the lowest thermic response
after isocaloric ingestion (82). Also, a diet combining a high protein and carbohydrate
content results in a greater 24 h energy expenditure compared to a diet high in fat (83).
The macronutrient composition of the diet also affects the risk for cardiovascular dis‐
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ease. Thus, when in an ad libitum diet dietary macronutrient composition is varied, this
can result in changes in body weight and cardiometabolic risk. As suggested before,
different types of carbohydrates may also play a role. In the previous section, differ‐
ences between types of starches have been discussed. Here we will discuss whether
variations in the sugars content and type of sugars in the diet also play a role.
For a healthy diet, recommended dietary macronutrient composition according to
the Institute of Medicine should be 10–35% protein, 20–35% fat and 45–65% carbohy‐
drate (84). Sugars, as part of the carbohydrates, are an important part of our diet. The
Institute of Medicine advises an intake of sugars < 25% of daily energy. Available data
from national dietary surveys show a worldwide consumption of sugars between 10%
and 21% of daily energy intake (85). With respect to added sugars, the WHO recom‐
mends an added sugar intake of no more than 10% of daily energy. For Europe, the
European Food Safety Authority (EFSA) notes that a number of European Union (EU)
national authorities have established upper limits for population average intake or
individual intake of added sugars < 10% of daily energy, but others have not. It is also
noted that the average intake of (added) sugars in some EU Member States exceeds
10% of daily energy, especially in children (86).

Intake of sugars, appetite, energy expenditure and body weight
Because different types of mono‐ and disaccharides have been shown to exert different
effects on hunger and satiety, energy intake and energy expenditure, they may also
exert different body weight effects. Therefore, modifying these types of sugars in the
diet may sustain better weight management.

Sugars, appetite and energy intake
Given the different physiological effects of sugars (Figure 1), one could assume that
they also have a different effect on appetite and satiety. Tappy and Lé propose two
potential mechanisms that could explain why fructose may elicit lower short‐term sati‐
ation than equivalent doses of glucose or starches: (1) because of the more than five
times lower glycemic index compared to glucose, fructose will elicit a lower glycemic
response compared to an equivalent amount of glucose ingested; and (2) a meal con‐
taining fructose evokes less suppression of the orexigenic hormone ghrelin and less
increase in the satiety hormone leptin than a meal containing an equivalent amount of
glucose (87).
In 2009 Moran reviewed the results of preload studies comparing glucose, sucrose
and fructose in either pure solutions or in mixed solutions/meals with respect to satiety
(88). Moran concluded that differences in food intake after different preloads are more
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related to the timing of ingestion relative to a test meal situation, whether the sugars
are administered as pure sugars or as components of a dietary preload, and the overall
volume of the preload than to intrinsic differences among the sugars. Moreover, the
practical relevance of the results from preload studies with fructose intakes higher than
normal is questionable (88). Dolan et al. reviewed long‐term studies with dietary fruc‐
tose intake up to 100 g/day. They conclude that there is no convincing evidence that
such amount of fructose intake compared to sucrose or glucose is associated with an
increase in food intake (89).
There are only a few studies that have examined the effects of other sugars on
appetite. A study by Bowen et al. investigated the short‐term effects of four 1 MJ liquid
preloads containing glucose, lactose, casein or whey, on appetite and energy intake.
Acute appetite and energy intake was lower after consumption of lactose compared
with glucose, which was consistent with differences in plasma ghrelin (90).
Artificial sweeteners are widely used in diet products because they are sweeter than
natural sweeteners but lack the calories. Yang reviewed epidemiological and interven‐
tion studies and concluded that artificial sweeteners do not account for more weight
loss compared to natural sweeteners. In some studies diet soda consumption was even
associated with weight gain. Based on additional evidence from experimental studies,
Yang suggests that the reason for these findings could be that artificial sweeteners do
not activate food reward pathways in the same fashion as natural sweeteners. In artifi‐
cial sweeteners there is a lack of calories after the sweet taste, which may result in
compensatory overeating (91).
In conclusion, there is no consistent evidence that there is a difference in satiety
and food intake after consumption of equal amounts of different sugars, either for the
short‐ or long‐term. On the other hand, artificial sweeteners increase appetite and the
desire to eat compared to natural sweeteners, which makes their relevance for weight‐
loss purposes questionable.

Dissolved vs. solid sugars: effect on appetite and energy intake
It has been hypothesized that solid carbohydrates suppress subjective appetite and
short‐term food intake more than a carbohydrate in dissolved form (92). Akhaven et al.
therefore compared the effect of eating solid vs. dissolved foods. Test foods were 75 g
of sucrose in solid form or dissolved in 300 ml water and an isocaloric 50/50 mixture of
the monosaccharides glucose and fructose in liquid form. They found that the post‐
prandial area under the curve of appetite was not different between the solid and dis‐
solved forms of sugars nor was food intake from an ad libitum pizza lunch one hour
later (93).
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Sugars and energy expenditure
Given the different metabolic pathways of sugars, different sugars may also have dif‐
ferent effects on energy expenditure. Tappy et al. compared the increment in energy
expenditure (EE) after ingestion of 75 g of fructose compared to the same amount of
glucose. Fructose increased EE significantly more than glucose (94). Schwarz and col‐
leagues found a similar difference after comparing intravenous fructose and glucose
administration (95). Brundin and Wahren confirmed these findings (96). Sharief and
Macdonald compared the effects of glucose with galactose, lactose, maltose, sucrose, a
glucose‐galactose mixture and a glucose‐fructose mixture, on EE. Only sucrose and the
glucose‐fructose mixture showed a significant increase in EE compared to glucose (97).
Blaak and Saris compared the thermogenic response to 75 g naturally enriched fruc‐
tose, glucose, cane sugar, and digestible corn starch (all mixed with 400 mL water). The
energy expenditure was higher after fructose and sucrose than after glucose and starch
(98). Thus, the more pronounced increase in EE after sucrose or glucose‐fructose mix‐
ture ingestion is due to the fructose component. The EE increasing effect of fructose is
probably due to the energy cost of fructose metabolism to glucose in the liver and con‐
tinued gluconeogenesis (95).
With respect to the effect of sugars on EE it can be concluded that only fructose or
mixtures containing fructose significantly increase EE compared to other sugars.

Sugars, body weight and body composition
Three reviews concerning this topic have been published recently. In the first review by
Van Baak and Astrup, the authors conclude that observational studies show fairly con‐
sistent inverse associations between the carbohydrate content and content of sugars in
the diet and body weight and adiposity measures. This is supported by a limited num‐
ber of randomized controlled trials (RCTs) that consistently show lower body weight
when fat in the diet is replaced by carbohydrates, whether in the form of sugars or as
starches (37). In the second review, Ruxton et al. support these findings (85). The third
review by Dolan et al. focuses on dietary consumption of fructose. Here it is concluded
that there is no convincing evidence from long‐term studies that fructose ingestion of
up to 100 g/day instead of glucose or sucrose is associated with an increase in body
weight (89).
A recent weight‐loss intervention study, among 169 overweight/obese Scottish
women, supports these conclusions. The study sample was divided into three groups.
Group 1 received advice to reduce energy, total fat and sucrose for three months;
Group 2 received advice to reduce energy and total fat and maintain sucrose intake at
10% energy for three months; and Group 3 acted as controls and received no dietary
advice. Both Groups 1 and 2 were successful in reducing energy intakes and the per‐
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centage energy from fat in their diet. Group 1 was also successful in reducing percent‐
age energy from sucrose at three months. These dietary changes resulted in significant
reductions in body weight, percentage body fat and the waist‐to‐hip ratio in both
groups, but there was no significant difference in weight‐loss between group 1 and 2.
Reducing sucrose consumption to below 10% of total energy therefore did not lead to
extra weight loss (99).

Role of sugar‐sweetened beverages
Consumption of sugar‐sweetened beverages (SSB’s) is often linked to an excess in calor‐
ic intake and the increasing prevalence of obesity. It is hypothesized that the calories in
SSB’s have little effect on satiety and therefore easily lead to over‐consumption (92).
SSB’s are defined as drinks with added sugars, excluding milk and pure fruit juices.
In their review on sugars and body weight, Van Baak and Astrup concluded that a
limited number of randomized controlled trials supported the positive association be‐
tween BMI and SSB consumption that is found in observational studies, although not
consistently. A number of additional reviews on this topic has been published in the last
two years (37, 100‐103). In 2008, Gibson published a systematic review on 23 cross‐
sectional, 17 prospective and four intervention studies in adults and children, as well as
six reviews, using BMI, weight (gain) or adiposity as endpoints. She concludes that there
is little evidence from epidemiological studies that SSB’s are more obesogenic than any
other source of energy and that there is a need for more intervention studies, especial‐
ly among overweight consumers of SSB’s, which use reliable measurements of diet and
physical activity, and with an adequate length of follow‐up (101).
A review of the literature between 1966 and 2006 on the relationship between
SSB’s and weight gain by Wolff and Dansinger (102) revealed that six of 15 cross‐
sectional and six of 10 prospective cohort studies identified statistically significant asso‐
ciations between soft drink consumption and increased body weight. There were five
randomized clinical trials; the two that involved adolescents indicated that efforts to
reduce sugar‐sweetened soft drinks slowed weight gain. In adults, three small experi‐
mental studies also suggested that consumption of sugar‐sweetened soft drinks caused
weight gain. None of these trials in adults however was longer than 10 weeks and they
all had a rather small study population. The authors conclude that although soft‐drink
consumption has increased over the last decades, the evidence of SSB‐related weight
gain is weak. In conclusion, they call for more comprehensive intervention trials de‐
signed to evaluate the effects of soft drink consumption on body weight and cardiovas‐
cular risk factors (102).
Olsen and Heitman (literature up to 2007 but mostly overlapping with Wolff and
Dansinger), concluded that a high intake of calorically sweetened beverages can be
regarded as a determinant for obesity. However, there seems to be no support that the
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association between intake of calorically sweetened beverages and obesity is mediated
by increased energy intake, and alternative biological explanations should be explored
(103).
Most recently, Malik et al. concluded that SSB intake is a significant contributor to
weight gain, in part because of incomplete compensation for liquid calories at subse‐
quent meals. They also report that longer studies, with a greater numbers of partici‐
pants, which do not adjust for potential mediators of effect such as energy intake,

would report stronger and more consistent results (100). This literature suggests that
the evidence of a relationship between SSB consumption and weight gain is inconclu‐
sive.

Dissolved vs. solid sugars
Liquid foods may have a different effect on satiety and food intake compared with solid
foods. One explanation for this difference is the absence of chewing when ingesting
beverages, which may result in decreased pancreatic exocrine and endocrine responses
compared with the ingestion of solid foods. Beverages are also emptied from the stom‐
ach at a higher rate than solid foods and may induce weaker signals in the gastrointes‐
tinal tract that would lead to inhibition of food intake (104).
Van Baak and Astrup most recently reviewed this topic and concluded that, from
RCTs, there is no support for the hypothesis that sugars in liquids have a detrimental
effect on body weight compared with solid forms of sugar. Evidence from a small num‐
ber of acute studies with respect to satiety and energy intake compensation is equivo‐
cal. They call for more RCTs of sufficient size and duration in this area (37). Since then,
there has been only one RCT comparing ingestion of calories in solid form or dissolved
in liquids on body weight change.
Chen et al. compared the intake of liquid calories with solid calories on body weight
change within the PREMIER trial population. PREMIER is an 18 month multicenter ran‐
domized trial designed to test the blood pressure lowering effects of two multicompo‐
nent behavioral interventions in adults with prehypertension or stage 1 hypertension.
Liquid calorie intake was calculated as the sum of calories from seven beverage catego‐
ries (including SSBs, diet drinks, milk, 100% juice, coffee and tea with and without sug‐
ar, and alcohol). Solid calorie intake was calculated by subtracting liquid calories from
total calories. A reduction of 100 kcal/day in liquid calorie intake was associated with
0.3 kg of weight loss at six months and of 0.2 kg at 18 months. A reduction in solid calo‐
rie intake of 100 kcal/day was associated with a 0.06 kg weight loss at six months and of
0.09 kg at 18 months. Reducing liquid calorie intake resulted in more weight loss than a
reduction in solid calorie intake, but only the difference at six months reached statisti‐
cal significance. The comparison of the individual beverages showed that only SSB in‐
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take was significantly associated with weight change. A reduction in SSBs by one serv‐
ing/day (355 mL) was associated with a weight loss of 0.5 kg at six month and of 0.7 kg
at 18 months (104).
Although the study by Chen is about liquid vs. solid calories rather than sugars, it
does add to the body of evidence that a reduction in liquid calories, which were mainly
derived from SSB intake, has a greater effect on weight loss compared to a reduction in
solid calories.

Sugars and insulin resistance
Insulin resistance and impaired glucose tolerance are common co‐morbidities in the
obese population. Sugars are known to have a negative influence on the incidence of
type 2 diabetes. Over the last years, several large studies have been conducted to study
the relationship between sugar intake and the incidence of type 2 diabetes.
Laville and Nazare reviewed 21 intervention‐, prospective‐ and cross‐sectional trials
between 1979 and 2007 on the relationship between sugars, insulin resistance and
diabetes to determine the level of proof concerning the association of sugars consump‐
tion and diabetes (105). They concluded that these studies failed to demonstrate an
obvious relationship between the total intake of sugars and glycemic control, or risk to
develop a type 2 diabetes and particularly specific evidence is missing in terms of su‐
crose effect on diabetes. Concerning fructose, there are still discrepancies between
studies about the long‐term deleterious effect on diabetes development. But its effect
on lipogenesis and triglyceridemia has to be taken into account, considering the grow‐
ing use of sugar, and thus fructose‐containing foods (105).
To determine the association between surrogate markers of insulin resistance (fast‐
ing insulin, fasting glucose, homeostatic model assessment of insulin resistance (HOMA‐
IR), and the insulin sensitivity index (ISI0.120)) and SSB consumption, Yoshida et al. used
data from 2500 subjects with an average age of 54 years from the Framingham Off‐
spring Study. 53% of the study population consumed SSB’s and did this with an average
of two servings per week. After adjustment for potential confounding variables, the
frequency of SSB intake was positively associated with fasting insulin. The associations
between the frequency of SSB consumption and fasting plasma insulin and HOMA‐IR
remained statistically significant after further adjustment for dietary glycemic index,
fruit intake, or vegetable intake. No significant associations were found between SSB
intake and fasting glucose or ISI0.120. In this study, the HOMA‐IR largely reflected fasting
insulin concentrations. Both insulin resistance and β‐cell dysfunction precede type 2
DM, and thus increased consumption of calorically sweetened beverages containing
rapidly absorbable simple sugars may contribute to an increased risk of type 2 DM
(106).
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Teff et al. compared the effect of glucose and fructose, consumed in the form of
sweetened beverages with isocaloric mixed nutrient meals, on circulating hormones
and lipids in obese men and women. In comparison with glucose, consumption of fruc‐
tose‐sweetened beverages results in decreased insulin secretion, a reduced diurnal
leptin profile, and increased postprandial TG concentrations in obese individuals, inde‐
pendent of insulin sensitivity. In addition, the effect of fructose to increase TGs was
augmented in obese subjects with insulin resistance. These data suggest that overcon‐
sumption of dietary fructose may exacerbate the adverse metabolic profiles in obese
individuals, particularly those with existing insulin resistance and may therefore in‐
crease the risks for developing diabetes and CVD (107).
Malik and colleagues published a meta‐analysis on SSB intake and risk of metabolic
syndrome and type 2 diabetes. For their analysis they included 11 prospective cohort
studies, eight studies with endpoint type 2 diabetes and three studies with endpoint
metabolic syndrome, in total more than 310,000 individuals. They compared the most
extreme categories of SSB intake, being none or one serving/month with 1–2 serv‐
ing/day. According to their analysis, subjects in the highest category, had a 20% greater
risk of developing the metabolic syndrome and 26% greater risk of developing type 2
diabetes, compared to subjects in the lowest category (108).
From the above literature, it can be concluded that when data of prospective co‐
hort studies are combined in a meta‐analysis, an increased sugar intake, being either
glucose or fructose and mostly in the form SSBs, increases the risk of developing insulin
resistance and type 2 diabetes, especially in the obese. However, when single interven‐
tion, prospective and cross‐sectional trials are reviewed, this relationship is often not
found (105). Also, fructose seems to have more detrimental effect on developing insu‐
lin resistance than glucose.

Sugars and serum lipids
Although the mechanism of how carbohydrates affect serum lipids is not completely
understood, it has been suggested that these effects could be mediated by fructose.
Fructose has been shown to increase de novo lipogenesis and triglyceride synthesis in
the liver, and secretion of very low‐density lipoproteins. Fructose also appears to de‐
crease the peripheral clearance of lipids (109).
Dolan et al. reviewed the effect of dietary fructose on triglyceride levels in short‐
and long‐term feeding studies in healthy normal‐weight individuals (89). They conclud‐
ed that the majority of acute studies show a slight increase in postprandial plasma TG
levels after ingestion of fructose compared to other types of carbohydrates. Schaefer
and colleagues support these findings (110). In the long‐term (> 1 day) however, Dolan
et al. report that there is no evidence that plasma TG are increased after ingestion of up
to 133 g/day fructose in women and 136 g/day fructose in men, when it is not con‐
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sumed in caloric excess (89). Schaefer et al. on the contrary found significant increases
in fasting TG and LDL cholesterol concentrations by fructose in 4‐ to 6‐week studies
directly comparing glucose and fructose at 20–25% of total energy intake. No metabolic
differences were found between sucrose and high‐fructose corn syrup (HFCS). Another
review by Johnson et al. also concluded that sugar intake appears to be associated with
increased TG levels, but that the effects of sugar intake on HDL‐C and LDL‐C remain
unclear (109).
Recent studies add to this evidence. Higher intakes of sugars from the candy/soda
food group, from fruit‐containing beverages, and from sweetened dairy foods are asso‐
ciated with significant increases in TG, VLDL‐C and HOMA‐IR in high BMI African Ameri‐
can children (111). Although the authors did not divide sugars into glucose or fructose,
it can be assumed that their sugars are mostly fructose, because candy/soda, fruit‐
containing beverages and sweetened dairy foods are mostly sweetened with sucrose. A
large cross‐sectional study among 6113 U.S. adults revealed that increasing added sug‐
ar consumption is associated with lower HDL‐C levels, higher TG levels, and higher rati‐
os of TG to HDL‐C (112). Duffey and colleagues analyzed data from the CARDIA (Coro‐
nary Artery Risk Development in Young Adults) study. They reported that a higher SSB
consumption was associated with increased risk of developing high TG and high LDL‐C
(113).
These studies suggest a relationship between added sugars and increases in TG,
VLDL‐C and LDL‐C, and decreased HDL‐C levels. The effects appear to be related to the
fructose in the added sugars. Since added sugars have a detrimental effect on serum
lipids they are likely to increase the risk of cardiovascular disease.

Sugars and blood pressure
Elevated blood pressure is one of the components of the metabolic syndrome. Already
in the 1960s, a relationship between sugar consumption and blood pressure was sug‐
gested (114). Since then, this has been a much debated issue. Johnson reviewed several
possible mechanisms through which sugars, and in particular fructose, can cause hyper‐
tension. One of these mechanisms is that fructose causes an increase in uric acid con‐
centrations that subsequently causes a reduction in the concentrations of endothelial
nitric oxide, which is linked to hypertension (115). Johnson et al. conclude in their re‐
view that the results from human studies are inconsistent and that the chronic effects
of a high intake of simple sugars on blood pressure remains uncertain (109).
A number of additional studies on the effect of sugars consumption have been
published more recently. Bidwell and colleagues studied the effects of either a glucose
(100 g dextrose in 300 mL water) or isocaloric glucose‐fructose (glucose:fructose; 45:55
g in 300 mL) beverage on posprandial endothelial function and blood pressure. No
differences in postprandial endothelial function and blood pressure responses between
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the two beverages was found (116). In a prospective cohort study among 2774 young
adults, Duffey et al. found an increased risk for hypertension with higher SSB consump‐
tion (113). Jalal et al. investigated whether increased fructose intake from added sug‐
ars was associated with an increased risk for elevated blood pressure using cross‐
sectional data from NHANES involving 4528 adults without history of hypertension.
After adjustment for confounders, increased fructose intake of ≥ 74 g/day was associ‐
ated with higher odds of elevated BP levels (26, 30, and 77% higher risk for BP cutoffs
of ≥ 135/85, ≥ 140/90, and ≥ 160/100 mmHg, respectively(117)).
There is only a limited number of RCTs that investigated the effects of sugars on
blood pressure. These studies do not provide sufficient evidence for a positive relation‐
ship between total intake of sugars and blood pressure. Larger well controlled RCTs
should be conducted to reveal whether there is a relationship or not, and whether
there is a specific role for dietary fructose consumption in this relationship.

Intake of sugars and hormonal responses
Insulin, leptin, peptide YY, ghrelin and glucagon‐like peptide‐1 (GLP‐1) are hormones
that all have an effect on food intake regulation and/or satiety. Differences in these
hormones after consumption of different sugars may contribute to their effects on
body weight and metabolic risk. Most studies compared fructose (as part of HFCS or
sucrose) with glucose.
Stanhope reviewed the endocrine and metabolic effects of beverages sweetened with
glucose, fructose or high‐fructose corn syrup. They conclude that in both short‐term
and long‐term studies fructose consumption compared to glucose consumption result‐
ed in decreased circulating levels of insulin and leptin. Long‐term high fructose con‐
sumption could therefore lead to increased caloric intake or decreased energy expendi‐
ture, and contribute to weight gain and obesity (118).
No studies were found that compared the effect of different sugars on PYY in hu‐
mans. In rats, circulating total PYY levels were significantly increased in rats drinking
glucose or sucrose (and not fructose) for 24 h compared to rats drinking water. These
effects disappeared after one week. After two weeks PYY levels were significantly lower
for all sugar solutions compared to water. Two weeks of fructose drinking significantly
increased serum ghrelin levels compared to glucose, sucrose or water. After two weeks,
serum leptin levels were significantly increased after consuming all sugar solutions
compared to water. The authors propose that the increased levels of total ghrelin and
decreased levels of total PYY after two weeks suggest that the rats are receiving signals
to continue eating, thus promoting the hyperphagia induced by the sugar solutions
(119).
Melanson et al. reviewed short‐term studies comparing the effects of HFCS and
sucrose on plasma insulin, ghrelin, leptin and GLP‐1, but did not find any differences
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(120). Teff et al (121) studied the effects of consuming fructose‐ or glucose‐sweetened
beverages with meals in 12 normal weight women on circulating glucose, insulin, and
leptin concentrations as well as ghrelin, GLP‐1, and GIP over a 24 h period. When fruc‐
tose‐sweetened beverages were consumed with meals, this resulted in lower circulat‐
ing insulin and leptin and higher ghrelin and TG levels compared with consumption of
glucose‐sweetened beverages (121).
From the above we can conclude that the hormonal responses of fructose compared to
glucose could promote the development of obesity when fructose in consumed rather
that glucose.

Conclusions
There are only a few studies that have directly compared the effect of dietary intake of
sugars and starches on body weight and parameters of the metabolic syndrome. A
study by Raben et al. studied the replacement of dietary fat by sucrose or starch on 14
days ad libitum energy intake and body weight in 20 healthy normal‐weight, partly
post‐obese, subjects (32). Body weight and fat mass decreased significantly on the
starch diet (by 0.7 ± 0.2 kg and 0.4 ± 0.1 kg, respectively, P < 0.05), whereas no changes
were observed on the fat or sucrose diets. However, it is not clear whether the be‐
tween‐group differences were statistically significant. The starch‐rich diet was also
associated with lower total cholesterol, LDL, fasting and non‐fasting TG, and nonfasting
FVIIc than the sucrose‐rich diet (122). In the CARMEN trial (11), participants random‐
ized to an ad libitum reduced fat, high starch diet lost 1.8 kg, whereas those random‐
ized to the ad libitum reduced fat, high simple carbohydrates diet lost 0.9 kg (between‐
group difference not statistically significant). Thus, in both studies body weight loss was
larger on an ad libitum high starch diet than on a high sugars diets and are suggestive
for a more beneficial effect of starch than sugars intake on body weight. The combina‐
tion of literature reviewed in this paper, suggesting potential beneficial effects of in‐
take of starches, especially those containing slowly‐digestible and resistant starches,
and potential detrimental effects of high intakes of fructose, support the intake of
whole grains, legumes and vegetables. These contain more appropriate sources of
carbohydrates associated with reduced risk of cardiovascular and other chronic diseas‐
es, rather than foods rich in sugars, especially in the form of sugar‐sweetened beverag‐
es.
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Abstract
Background: A high dietary protein (P) content and low glycemic index (GI) have been
suggested to be beneficial for weight management, but long‐term studies are scarce.
Objective: The DIOGENES randomized clinical trial investigated the effect of P and GI on
weight loss maintenance in overweight or obese adults in 8 centers across Europe. This
study reports the 1‐year results in 2 of the centers that extended the intervention to 1
year.
Method: After an 8‐week low calorie diet (LCD), 256 adults (BMI > 27 kg/m2) were ran‐
domized to 5 ad libitum diets for 12 months: high P/low GI (HP/LGI), high P/high GI
(HP/HGI), low P/low GI (LP/LGI), low P/high GI (LP/HGI) and a control diet. During the
first 6 months foods were provided for free through a shop system, during the whole
12‐month period subjects received guidance by a dietician. Primary outcome variable
was the change in body weight over the 12‐month intervention period.
Results: During the LCD period subjects lost 11.2 (10.8, 12.0) kg (mean (95% CI)). Aver‐
age weight regain over the 12‐month intervention period was 3.9 (95% CI 3.0 to 4.8) kg.
Subjects on the HP diets regained less weight than subjects on the LP diets. The differ‐
ence in weight regain after 1 year was 2.0 (0.4, 3.6) kg (P = 0.017) (completers analysis,
N=139) or 2.8 (1.4, 4.1) kg (P < 0.001) (intention‐to‐treat analysis, N = 256). No con‐
sistent effect of GI on weight regain was found. There were no clinically relevant differ‐
ences in changes in cardiometabolic risk factors among diet groups.
Conclusion: A higher protein content of an ad libitum diet improves weight loss mainte‐
nance in overweight and obese adults over 12 months.
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Introduction
The primary prevention of weight gain in the whole population and the secondary pre‐
vention of weight regain in overweight and obese individuals that have lost weight is
crucial to limit the adverse health consequences of overweight and obesity, but difficult
to achieve.
Studies have shown that an increase in dietary protein content of an ad libitum diet
results in more pronounced weight loss in overweight individuals (1, 2) and also con‐
tributes to better weight maintenance after weight loss (3‐5), most likely because of
the high satiating and thermogenic effect of proteins (6). Two recent meta‐analyses
support the beneficial effects of higher protein intake in weight management (7, 8).
Most of the studies included in these meta‐analyses were of limited duration, i.e. 6
months or shorter. Longer duration studies, so far, have found no evidence for better
weight management with higher protein intake (9, 10).
Besides, the quantity and quality of dietary carbohydrates (e.g. the glycemic index
(GI)) may be important in weight management. So far, there is little evidence for a role
of dietary GI in body weight management (11), although a meta‐regression analysis
suggested that a reduction in dietary glycemic index under ad libitum or limited energy
restriction conditions is associated with a modest body weight reduction (12). A more
recent meta‐analysis, however, concluded that there was no evidence for a beneficial
effect of low GI/GL diets on body weight in obesity (13).
To study the role of dietary protein content and GI in the prevention of weight
regain after weight loss, the large‐scale multi‐centre DIOGENES dietary intervention
study was initiated. The 6‐months weight maintenance outcome of the study has been
reported previously (14). Given the paucity of data from more long‐term studies, we
report here the 12‐month results of the study in two of the study centers involved in
the DIOGENES trial, Maastricht and Copenhagen on the primary outcome body weight
and secondary outcomes body composition and cardiometabolic variables. In these two
centers the intervention was continued for another 6 months, thus total intervention
duration was 12 months.
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Methods

Subjects
Volunteer families were recruited in Copenhagen and Maastricht. Families (two‐parent
or single‐parent) were eligible for participation if family members were generally
healthy and if (1) at least one parent was overweight (BMI > 27 kg/m2) and aged < 65 y;
(2) at least one overweight child was between 8 and 15 y of age. The complete list of in‐
and exclusion criteria has been published previously (15).
The study protocol and informed consent document were approved by the Medical
Ethical Committees of Maastricht University and the University of Copenhagen. All
subjects gave written informed consent before being enrolled into the study. The study
was registered with ClinicalTrials.gov, number NCT00390637.

Study design
Only the adult family members who were overweight or obese at baseline were includ‐
ed in the current data analysis. The full study protocol has been described previously in
detail (15) (Figure 1). In short, between screening and the first (pre LCD) test day, all
adults enrolled into the study completed a 3‐day weighed dietary record and collected
24‐h urine (= baseline). On the test day subjects came to the research centers in the
morning after an overnight fast. Weight, height, waist and hip circumference, ab‐
dominal sagittal diameter, body composition and blood pressure were measured. Fast‐
ing blood samples were collected. Subsequently, a 2‐h oral glucose tolerance test
(OGTT) was performed (15).
After these baseline measurements, subjects initiated an 8‐week weight loss phase
on a Low Calorie Diet (LCD) providing 3.4‐3.7 MJ/d (800‐880 kcal/d). If at least one of
the parents of a two‐parent family or the parent in a single‐parent family had attained a
weight loss of ≥ 8% of initial body weight after 8 weeks, the family was randomized into
one of five diet groups, varying in protein content and glycemic index, for the 12‐month
dietary intervention period. The second test day took place on the last day of the LCD
period (post LCD) and was similar to the pre LCD test day. However, no 3‐day food rec‐
ord and no 24‐h urine were collected at this time point.
After the post LCD test day families started the ad libitum diets. Laboratory shops
were established to provide families with the majority of foods at no cost for 6 months.
The shop system allowed us to more tightly control dietary intake of subjects (16, 17),
in this case on a family level. During the second 6 months of the intervention, families
had to purchase foods again in their own shops. Subjects came to the research centre
at regular intervals to meet with a dietitian. At all visits body weight was monitored and
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dietary counseling was provided (15). At 4 weeks into the randomized phase subjects
completed a 3‐day weighed dietary record and collected 24‐h urine to check compli‐
ance to the diets. After 6 and 12 months subjects returned to the research centre for
the third and fourth test day (post intervention, week 26 and 52), which were the same
as the previous test days including the 3‐day weighed food diary and 24‐h urine collec‐
tion (15).

Pre LCD test day
(baseline)

habitual
diet

Post
intervention
test day 1

Post LCD test
day

8 week LCD

6‐month shop intervention
wk 4

3‐d food diary
+ 24‐h urine
screening

3‐d food diary
+ 24‐h urine

wk 14

24‐h urine

Post
intervention
test day 2
6‐month instruction period

wk 26

3‐d food diary
+ 24‐h urine

3‐d food diary
+ 24‐h urine

randomization

Figure 1: Study protocol

Low calorie diet
The low calorie diet we used was Modifast® (Nutrition et Santé, France). Subjects were
instructed to use 4 sachets per day (providing 3.4‐3.7 MJ/d). Additional consumption of
tomatoes (200 g/d), cucumber (125 g/d) and lettuce (50 g/d) was allowed. In excep‐
tional cases, particularly people with persistent hunger, 5 sachets per day could be
taken.

Randomization procedure
Eligible families, in which at least one of the overweight/obese parents achieved the
target weight loss (≥ 8% of body weight on pre LCD test day), were cluster‐randomized
to one of five diet groups using a simple block randomization procedure with stratifica‐
tion according to centre, the number of eligible parents in the family and the number of
parents with BMI > 34 kg/m2. The randomization was performed with a web‐based
program (15).
For obvious reasons neither subjects nor dietitians or investigators could be blinded
to the diet assignment. However, the investigators that performed the statistical analy‐
sis of this paper had not been in contact with the study participants.
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Diet groups and dietary instruction
Subjects were randomized into 5 diet groups: (1) low protein, low glycemic index
(LP/LGI); (2) low protein, high glycemic index (LP/HGI); (3) high protein, low glycemic
index (HP/LGI); (4) high protein, high glycemic index (HP/HGI); and (5) a diet according
to national healthy eating recommendations (healthy) (18). All diets were low in fat (25‐
30% of energy from fat) and ad libitum, i.e. no energy restriction was imposed. We
aimed at a protein consumption of 10‐15% of total energy intake in the low protein
groups and of 23‐28% in the high protein groups. With respect to GI, a distinction was
made between high and low GI foods within each food group. The assignment of GI
values to foods was performed as described by Aston et al. (19). Subjects in the low GI
groups were advised to mainly consume the low GI foods within a food group, those in
the high GI groups the high GI foods. The aim was to attain a 15‐unit difference in gly‐
cemic index between the high and low GI groups. More detailed information on the
diets and dietary counseling is provided in the paper by Moore et al. (18).

Laboratory shops
During the first 6 months adherence to dietary compositions was optimized by provid‐
ing > 80% of all relevant foods for each of the different diet groups at no cost through a
lab‐based shop system as previously described in order to increase compliance (16, 17).

Measurements

Clinical examinations, oral glucose tolerance test (OGTT) and blood analysis
Body weight, waist circumference, body composition and blood pressure were meas‐
ured as described previously (20). In each center the same equipment was used for all
measurements. Subsequently, an OGTT was performed (20). The Matsuda index, a
measure of insulin sensitivity in stimulated condition derived from fasting glucose and
insulin and the glucose and insulin responses during the OGTT, was calculated (21).
From the fasting glucose and insulin concentrations, the HOMA‐IR and the HOMA‐%B
(22), measures of (hepatic) insulin resistance and insulin secretion respectively, were
calculated.
In fasting blood samples plasma adiponectin concentration and serum concentra‐
tions of glucose, insulin, total cholesterol, HDL cholesterol, triglycerides and CRP were
measured as described previously (20, 23). Analysis of all samples was performed at the
Department of Clinical Biochemistry, Gentofte University Hospital, Denmark.
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Dietary records
We provided all families with weighing scales (Soehnle 1208 Actuell or Salter Microton‐
ic). Dietitians instructed the subjects on how to complete the 3‐day food record on 3
consecutive days, including 2 weekdays and 1 weekend day. Participants were
instructed to weigh all their foods and left‐overs and provide brand names and details
on cooking and processing where relevant. When weighing was not possible (e.g. when
eating out), we instructed subjects to record the food intake in household measures
(cups, glasses, table spoons, etc.). The food diaries were coded at each shop centre
using the national Danish and Dutch food composition tables and GI values were added
to the tables using a procedure described in more detail elsewhere (19).

24‐h Urine
The completeness of the 24‐h urinary collection was checked by recovery rate of Para
amino benzoic acid (PABA) taken as tablets three times during the collection period.
Urinary volume was recorded. Urinary nitrogen was determined by Dumas combustion
methodology, using a VarioMax CN analyzer (Elementar, Hanau, Germany). Urinary C
peptide was determined by a chemiluminescent immunometric assay (Immulite 2500,
Siemens Healthcare). Urinary PABA was measured by spectrophotometry (Stasar, Gil‐
ford Instruments Laboratories, Oberlin, USA).

Statistical analysis
Results are presented as mean ± SD, and estimates of effects as means and 95% confi‐
dence intervals. Differences between the five diet groups were analyzed by one‐way
ANOVA.
The effects of protein content and GI on weight and risk factor changes were ana‐
lysed by a linear mixed model analysis with repeated measurements. In these analyses
the ‘healthy diet’ group was not included. For weight changes, the model considered all
available weight recordings (15 different time points) during the intervention. The anal‐
ysis was adjusted for body mass index at randomization, total weight loss during the
LCD and age as covariates. Diet group, center (Maastricht or Copenhagen), family struc‐
ture (single parent, couple 1 parent randomized, couple both parents randomized) and
gender were included as factors. The completers analysis involved all subjects that
completed the 12‐month intervention period (N = 139). The intention‐to‐treat analysis
(ITT) involved all subjects that were randomized (N = 256) and assumed that the weight
changes in participants who dropped out of the study followed the same course as in
the completers from the moment they dropped out. Furthermore, a sensitivity analysis
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was performed with the same sample as the intention‐to‐treat analysis. In this analysis
we assumed a 1‐kg weight gain per month in participants that had dropped‐out of the
study from the moment they dropped out. Additional analyses were performed on
changes in other anthropometric measures, body composition, and risk factors, which
were measured at three time points (post LCD, 6 months (= wk 26) and 12 months (=
wk 52). For these analyses we also used a mixed model with the same factors described
above and with the post‐LCD value of the tested variable as covariate. Self‐reported
dietary intake at 4, 26 and 52 weeks of the intervention was also analyzed by mixed
model analysis.
If there was no statistically significant interaction between dietary GI and protein,
only the main effects of protein content and GI were considered.
Significance was set at a P value < 0.05. Data were analyzed with SPSS version 16.0.

Results
Out of 339 subjects (137 male, 202 female) attending the screening visit, 256 subjects
(103 male, 153 female, age 42  6 years) were randomized for the 12‐month dietary
intervention after the initial 8‐week weight loss phase (Supplementary information
Figure 1). Total weight loss during the LCD period for the randomized study population
was 11.2 ± 3.3 kg with no significant differences among diet groups. Other subject
characteristics did not differ significantly either among groups (Supplementary infor‐
mation Table 1). 117 subjects dropped out during the intervention period (46 %), 51
during the first 6 months, 66 during the second 6 months. Drop‐out rates were highest
in the LP/HGI group (61%) en lowest in the HP/LGI group (26%). Post‐LCD characteris‐
tics of these drop‐outs did not differ among groups (data not shown).
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27.6
(25.5 to 29.6)

16.0
(14.6 to 17.3)

61.1
(59.5 to 62.8)

Total fats (% of total
energy intake)

Protein (% of total
energy intake)

Glycemic index

Difference

12.8
(11.6 to 14.1)

21.9
(16.5 to 27.2)

Urinary Nitrogen
(g/24h)

Urinary C‐Peptide
(nmol/24h)

‐2.8
(‐9.7 to 4.0)

‐2.6
(‐4.2 to ‐0.9)

P value*

0.411

0.002

0.903

0.074

0.285

< 0.001

0.222

< 0.001

0.462

High Glycemic Index

22.5
(17.4 to 27.6)

13.6
(12.4 to 14.8)

20.8
(18.0 to 23.6)

127.6
(114.5 to 140.8)

63.1
(61.5 to 64.7)

20.2
(18.9 to 21.6)

27.9
(25.8 to 29.9)

50.5
(48.2 to 52.7)

6719
(6117 to 7321)

Low Glycemic Index

24.0
(19.2 to 28.9)

14.7
(13.5 to 15.8)

21.4
(18.8 to 24.0)

124.3
(112.4 to 136.2)

58.0
(56.6 to 59.5)

18.4
(17.1 to 19.6)

28.9
(27.0 to 30.8)

51.0
(48.9 to 53.0)

7175
(6630 to 7719)

Difference

‐1.5
(‐8.3 to 5.3)

‐1.1
(‐2.7 to 0.6)

‐0.6
(‐4.2 to 3.0)

3.3
(‐13.7 to 20.3)

5.1
(3.0 to 7.1)

1.9
(0.1 to 3.7)

‐1.0
(‐3.7 to 1.7)

‐0.5
(‐3.4 to 2.4)

‐456
(‐1232 to 320)

P value*

0.663

0.199

0.744

0.701

< 0.001

0.036

0.452

0.745

0.249

* P values for main effects of protein content or GI (linear mixed model analysis with repeated measurements, adjusted for total weight loss during LCD period, value at
screening, age, center, family structure and gender (intention‐to‐treat population, N = 245).

24.7
(20.1 to 29.3)

15.4
(14.3 to 16.5)

21.0
(18.5 to 23.5)

21.2
(18.4 to 24.1)

Fiber (g/day)

0.2
(‐3.4 to 3.8)

118.2
15.5
(106.5 to 129.9) (‐1.5 to 32.5)

1.1
(‐0.9 to 3.2)

‐6.7
(‐8.4 to ‐4.9)

‐1.7
(‐4.3 to ‐1.0)

7.3
(4.4 to 10.3)

‐291
(‐1069 to 486)

Glycemic load (g/day) 133.7
(120.4 to 147.0)

60.0
(58.6 to 61.4)

22.6
(21.4 to 23.8)

29.2
(27.4 to 31.1)

47.0
(45.0 to 49.1)

54.4
(52.1 to 56.7)

Carbohydrates (% of
total energy intake)

High Protein
7092
(6555 to 7630)

Low Protein

Energy Intake (kJ/day) 6802
(6191 to 7411)

Variable

Table 1: Estimates of average self‐reported total energy and macronutrient intake, glycemic index, glycemic load and fiber (based on the average of 3‐day dietay records
at week 4, 26 and 52), and urinary nitrogen and peptide excretion (at week 4, 14, 26 and 52) (mean and 95% confidence interval).
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Dietary intake
Data on dietary intakes were obtained from 3‐day dietary records. The habitual diet at
screening had a carbohydrate content of 46 % ± 7 %, fat content of 35 % ± 6 %, and
protein content of 16 % ± 4 % of energy intake. Total energy intake was 9.6 ± 2.9 MJ.
Based on average 24‐h urinary nitrogen excretion (14.1 g/d), calculated from urines
with a PABA recovery ≥ 85% (158 out of 240), habitual protein intake was 88 g/d. Ha‐
bitual glycemic index (GI) was 63 ± 5 units and the glycemic load (GL) was 162 ± 56 g/d.
A description of the dietary intakes at different time points during the 12‐month inter‐
vention period in the 5 groups is presented in Supplementary information table 2.
Over the 12 months intervention, average protein intake, based on three 3‐day dietary
records and expressed as percent of total energy intake, was higher (P < 0.001) and
carbohydrate intake was lower (P < 0.001) in the high protein compared to the low
protein groups. Protein intake was higher in the high GI compared to the low GI groups
(P = 0.036) (table 1). Glycemic index was lower in the low GI compared to the high GI
groups (P < 0.001). There were no statistically significant differences in fat and fiber
intake between groups. Reported dietary intakes were similar after 6 and 12 months of
intervention in all groups.
Average urinary nitrogen excretion in the four 24h urine collections, a marker for pro‐
tein intake, was higher in the high protein groups compared to the low protein group (P
= 0.002) (table 1). In accordance, the change in plasma urea during the intervention
differed between the high protein groups and the low protein groups (P = 0.003) (table
4). When only 24h urines with a PABA recovery ≥ 85% were taken into account, urinary
N excretion was 13.7 g/d in the low protein group and 16.9 g/d in the high protein
group, translating into a dietary protein intake of 86 g/d in the low protein group and
106 g/d in the high protein group.
The reported difference in protein intake between the LP and HP groups (7 energy%)
and the difference in GI between the LGI and HGI groups (5 units) were smaller than
intended (10 energy% and 15 units respectively).
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Changes in body weight
Average weight regain was 3.9 (95% CI 3.0 to 4.8) kg in the completers. Weight regain
in the 5 diet groups after the 12‐month intervention is shown in Supplementary infor‐
mation figure 2. There was no significant interaction between protein content and GI of
the diet (P = 0.871), therefore the main effects of protein content and GI were ana‐
lysed. Weight regain was more pronounced in the low protein compared to the high
protein groups in the completers (difference 2.0 (95% CI 0.4 to 3.6) kg, P = 0.017). The
intention‐to‐treat analysis and the sensitivity analysis were in agreement with a better
weight loss maintenance on the HP compared to the LP diets (Table 2). High GI groups
showed 2.1 (0.5 to 3.8) kg less weight regain than low GI groups (P = 0.013). According
to the intention‐to‐treat and sensitivity analyses, however, there was no significant
effect of GI on weight regain (Table 2 and Figure 2).
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High Protein

3.9
(3.0 to 4.9)
4.2
(3.1 to 5.4)

Intention‐to‐treat analysis (N= 6.7
256)
(5.7 to 7.7)

Sensitivity analysis
(N =256)

4.3
(2.7 to 5.9)

2.8
(1.4 to 4.1)

2.0
(0.4 to 3.6)

Low Protein –
High Protein

Difference

< 0.001

< 0.001

0.017

P value*

Low Glycemic
Index

6.7
(5.6 to 7.9)

4.9
(3.9 to 5.9)

3.7
(2.4 to 5.0)

5.9
(4.8 to 7.1)

5.7
(4.8 to 6.7)

5.8
(4.6 to 7.0)

Change in Body Weight (kg)

High Glycemic
Index

‐0.8
(‐.8 to 2.4)

‐0.8
(‐2.2 to 0.5)

‐2.1
(‐3.8 to ‐0.5)

High Glycemic Index –
Low Glycemic Index

Difference

0.329

0.214

0.013

P value*

* P values for main effects of protein content or GI (linear mixed model with repeated measurements, adjusted for total weight loss during LCD period, value at screening,
age, center, family structure and gender).

8.5
(7.3 to 9.7)

3.8
(2.6 to 4.9)

Change in Body Weight (kg)

Low Protein

5.8
(4.4 to 7.1)

Completers analysis
(N= 139)

Variable

Table 2: Estimates of weight regain (mean and 95% confidence interval) from post LCD to the end of the 12 months randomized diet period.
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Figure 2: Body weight change in the completers during the 12‐month randomized dietary intervention in the
HP and LP groups (a) and in the HGI and LGI groups (b) (mean ± s.e.)
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Changes in body composition
Over the 12‐month intervention, the subjects in the high protein groups showed more
favorable changes in other anthropometric variables and body composition than those
in the low protein groups, whereas no differences were found between the high and
low GI groups (Table 3). The high protein groups increased less in fat mass (difference
1.6 (0 to 3.1) kg; P = 0.043) and sagittal diameter (0.9 (0.2 to 1.5) cm; P = 0.012) com‐
pared to the low protein groups. In the low protein group 49% of the weight regain was
fat free mass, in the high protein group this was 61% (P = 0.378).
Table 3: Estimates of changes in body composition (mean and 95% confidence interval) from post‐LCD to the
end of the 12 months randomized diet period.
Variable

Low Protein High Pro‐
tein

Difference P value*High Gly‐ Low Glyce‐ Difference P value*
cemic Index mic Index

Fat‐free mass
(kg)

3.3
2.8
0.5
0.285
(2.6 to 4.0) (2.2 to 3.5) (‐0.4 to 1.3)

2.9
3.2
‐0.3
0.556
(2.2 to 3.6) (2.5 to 3.9) (‐1.1 to 0.6)

Fat mass (kg)

3.4
1.8
1.6
0.043
(2.2 to 4.6) (0.7 to 3.0) (0.1 to 3.1)

2.3
3.0
‐0.7
0.377
(1.0 to 3.5) (1.8 to 4.1) (‐2.2 to 0.8)

Waist circumfer‐ 6.4
4.6
1.8
0.153
ence (cm)
(4.4 to 8.4) (2.7 to 6.4) (‐0.7 to 4.3)

4.6
6.3
‐1.7
0.183
(2.6 to 6.6) (4.5 to 8.2) (‐4.2 to 0.8)

Hip circumfer‐
ence (cm)

4.4
2.7
1.7
0.089
(2.8 to 5.9) (1.3 to 4.1) (‐0.3 to 3.5)

3.3
3.8
‐0.5
0.615
(1.8 to 4.8) (2.3 to 5.2) (‐2.4 to 1.4)

Sagittal diameter1.7
0.9
0.8
0.012
(cm)
(1.2 to 2.3) (0.4 to 1.4) (0.2 to 1.5)

1.3
1.3
0.0
0.982
(0.8 to 1.8) (0.8 to 1.8) (‐0.7 to 0.7)

* P value for main effect of protein content or GI (linear mixed model analysis (intention‐to‐treat population),
adjusted for total weight loss during LCD period, value at post‐LCD, age, diet group, center, family structure
and gender).

Changes in metabolic and cardiovascular risk factors
After 12 months, triglycerides, CRP, fasting insulin, 2‐h glucose and insulin, HOMA‐IR
and HOMA‐%B were significantly lower, whereas Matsuda index, adiponectin, HDL, LDL,
total cholesterol and fructosamine were significantly higher than at baseline (pre LCD).
Blood pressure and fasting glucose did not differ (data not shown). Table 4 shows the
changes in cardiovascular and metabolic risk factors over the 12‐month intervention
period (from post‐LCD to month 12) and the differences between diet groups. Only the
increase in fasting plasma glucose was less pronounced (0.2 (0.0 to 0.3) mmol/L; P =
0.011) in the high protein compared to the low protein group. For LDL cholesterol
changes a statistically significant interaction between protein content and GI was found
(P = 0.011), which was due to an increase in LDL cholesterol in the HGI group on a LP
diet and a decrease in the HGI group on the HP diet. Plasma urea concentration in‐
creased more in the HP than in the LP groups (P = 0.001). We found no differences in
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the other variables when comparing the protein or GI groups. If the change in body
weight during the intervention was added to the model, HDL increased significantly
more in the HP than in the LP groups (P = 0.033).
Table 4: Estimates of changes in metabolic and cardiovascular risk factors (mean and 95% confidence inter‐
val) from post‐LCD to the end of the 12 months randomized diet period.
Variable

Low Protein High Protein Difference P value* High Glyce‐ Low Glyce‐ Difference P value*
mic Index mic Index

Systolic blood 9.25
pressure
(6.17 to
(mmHg)
12.32)

6.96
(4.25 to
9.67)

2.29
(‐1.50 to
6.09)

0.235

8.06
(5.10 to
11.02)

8.16
(5.35 to
10.97)

‐0.10
(‐3.87 to
3.67)

0.959

Diastolic
7.11
blood pres‐ (5.08 to
sure (mmHg) 9.15)

5.52
(3.72 to
7.32)

1.60
(‐0.92 to
4.12)

0.212

6.01
(4.04 to
7.97)

6.63
(4.75 to
8.50)

‐0.62
(‐3.13 to
1.88)

0.626

Total choles‐ 1.37
terol
(1.16 to
(mmol/L)
1.59)

1.35
(1.15 to
1.54)

0.03
(‐0.24 to
0.29)

0.854

1.38
(1.17 to
1.59)

1.34
(1.13 to
1.54)

0.04
(‐0.23 to
0.31)

0.778

HDL (mmol/L) 0.21
(0.14 to
0.27)

0.27
(0.21 to
0.33)

‐0.06
(‐0.15 to
0.02)

0.125

0.22
(0.15 to
0.28)

0.26
(0.19 to
0.32)

‐0.04
(‐0.13 to
0.04)

0.336

LDL (mmol/L) 0.96
(0.77 to
1.15)

0.91
(0.73 to
1.08)

0.05
(‐0.19 to
0.29)

0.664

0.94
(0.75 to
1.12)

0.93
(0.75 to
1.11)

0.01
(‐0.23 to
0.25)

0.934

Triglycerides 0.41
(mmol/L)
(0.27 to
0.56)

0.37
(0.24 to
0.50)

0.04
(‐0.13 to
0.23)

0.616

0.40
(0.26 to
0.54)

0.38
(0.24 to
0.51)

0.02
(‐0.15 to
0.20)

0.779

Adiponectin 2.77
(1.74 to
(g/mL)
3.79)

3.81
(2.90 to
4.73)

‐1.05
(‐2.32 to
0.23)

0.107

3.34
(2.33 to
4.34)

3.24
(2.30 to
4.18)

0.09
(‐1.18 to
1.37)

0.885

CRP (mg/L)

0.05
(‐0.51 to
0.61)

0.00
(‐0.52 to
0.51)

0.05
(‐0.64 to
0.75)

0.870

0.06
(‐0.48 to
0.59)

‐0.01
(‐0.54 to
0.52)

0.06
(‐0.63 to
0.76)

0.856

Fasting
glucose
(mmol/L)

0.57
(0.45 to
0.68)

0.38
(0.27 to
0.48)

0.19
(0.04 to
0.33)

0.011

0.42
(0.30 to
0.53)

0.53
(0.42 to
0.63)

‐0.11
(‐0.26 to
0.03)

0.134

Fasting
insulin
(mIU/L)

2.70
(1.58 to
3.81)

1.76
(0.77 to
2.76)

0.93
(‐0.46 to
2.32)

0.188

2.56
(1.45 to
3.66)

1.90
(0.89 to
2.92)

0.65
(‐0.74 to
2.05)

0.357

Fructosamine 9.60
(4.61 to
(mol/L)
14.59)

11.48
(6.89 to
16.08)

‐1.89
(‐8.09 to
4.31)

0.550

9.46
(4.58 to
14.35)

11.62
(6.87 to
16.38)

‐2.16
(‐8.42 to
4.10)

0.498

2h Glucose
(mmol/L)

‐0.87
(‐1.29 to ‐
0.77)

‐1.29
(‐1.69 to ‐
0.89)

0.42
(‐0.11 to
0.96)

0.119

‐1.14
(‐1.56 to ‐
0.73)

‐1.01
(‐1.42 to ‐
0.61)

‐0.13
(‐0.66 to
0.40)

0.623

Urea
(mmol/L)

4.06
(3.78 to

4.66
(4.41 to

‐0.59
0.001
(‐0.95 to ‐

4.30
(4.02 to

4.42
(4.16 to

‐0.12
(‐0.47 to

0.493
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Variable

Low Protein High Protein Difference P value* High Glyce‐ Low Glyce‐ Difference P value*
mic Index mic Index
4.35)

4.90)

0.24)

HOMA‐IR
index

0.93
(0.60 to
1.25)

0.59
(0.30 to
0.88)

0.33
(‐0.07 to
0.74)

4.57)

4.68)

0.23)

0.81
(0.49 to
1.13)

0.71
(0.41 to
1.00)

0.105
(‐0.30 to
0.51)

0.612

HOMA‐%B
index

‐19.13
(‐47.91 to
9.66)

‐24.14
(‐51.19 to
2.90)

5.02
0.780
(‐30.41 to
40.44)

‐7.49
(‐35.91 to
20.93)

‐35.78
28.30
(‐63.63 to ‐ (‐7.77 to
7.94)
64.36)

0.123

Matsuda
index

‐1.57
(‐2.62 to ‐
0.52)

‐0.71
(‐1.68 to
0.27)

‐0.86
(‐2.17 to
0.44)

‐0.73
(‐1.78 to
0.32)

‐1.55
(‐2.53 to ‐
0.56)

0.223

0.107

0.192

0.81
(‐0.50 to
2.13)

* P value for main effects of protein content or GI (linear mixed model analysis with repeated measurements
(intention‐to‐treat population), adjusted for total weight loss during LCD period, value at post‐LCD, age, diet
group, center, family structure and gender).

Discussion
The findings of the DIOGENES in the two highly‐controlled shop‐based diet intervention
centers indicate that an increase in dietary protein content (approximately 7 % of total
energy intake) in the context of an ad libitum diet reduces weight regain over 12
months after weight loss induced by an energy‐restricted diet. A modest increase in the
glycemic index of the diet (approximately 5 units) was associated with less weight re‐
gain over 12 months in the completers analysis, but not in the intention‐to‐treat or
sensitivity analyses, making this a less reliable outcome.
A major limitation of our study is obviously the high drop‐out rate during the inter‐
vention. This may be inherent to the type of trial, where part of the motivation of sub‐
jects to participate is likely to have been the provision of free foods during the first 6
months of the intervention. However, the effects of protein intake appear to be robust
in all analyses, in‐ or excluding drop‐outs. The HP/LGI diet group had the lowest drop‐
out rate, suggesting this may have been the most acceptable and/or palatable diet for
the participants.
The reliability of dietary records with respect to macronutrient composition and GI
of the diet can be questioned, since misreporting is a major issue (24). However, the
differences in urinary nitrogen excretion and plasma urea concentration between the
high and low protein diet groups confirm the difference in protein intake from dietary
records between these groups in a qualitative sense. It has been suggested that serum
fructosamine is a marker of glycemic load and dietary sugar intake in non‐diabetic sub‐
jects (25, 26). In this study we were unable to demonstrate differences in fructosamine
concentrations between groups with high and low GI or glycemic load. Moreover, uri‐
nary C‐peptide excretion, which has been shown to reflect glycemic index of diets with
identical macronutrient composition (27), did not differ between diet groups in our
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study. Thus, we are not able to objectively verify the reported difference in GI between
the groups.
The 12 months effect of dietary protein content is in line with the previously re‐
ported 6 months results in all DIOGENES centers (14). Our data also confirm previous
studies that showed better weight loss maintenance with ad libitum diets with a higher
protein content by providing protein supplements (3, 4, 28). The LP groups had a die‐
tary protein content that was similar to the habitual, baseline protein content (approx‐
imately 16%), which shows that subjects in the LP groups did not reduce their protein
intake to the target level of 10‐15 % of energy intake. The HP groups, on the other
hand, increased their protein intake to the intended level. A weight loss study by Sacks
et al. with similar group assignment (15 vs 25 % of total energy from proteins in the
context of an energy‐restricted diet) attained a self‐reported protein intake difference
of 4 % of total energy at 6 months and of 1 energy% at 24 months with no significant
differences in weight loss between groups (10). Although the study designs were not
completely comparable, a better adherence in our trial may have contributed to our
finding of better weight maintenance on the high protein diets. In addition, it has been
suggested that high‐protein diets may stimulate maintenance or accretion of muscle
mass, thereby increasing energy expenditure and improving metabolic profile (6). Our
data are in agreement with this, since changes in fat‐free mass were not significantly
different in the LP and HP groups despite the significantly lower body mass increase in
the HP groups. However, the between‐group difference in fatfree mass change as per‐
centage of body weight change was not statistically significant, which may be due to
the relatively small number of subjects in whom body composition data were available.
A higher GI diet was associated with better weight maintenance in our study, alt‐
hough this was not supported by the intention‐to‐treat and sensitivity analyses and
thus may have been a chance finding. Two meta‐analyses came to different conclusions
about the effect of GI on body weight (12, 13). The 6‐months analysis of the whole
DIOGENES trial has indicated less weight was regained in the groups consuming the LGI
diet (14). The reasons for these inconsistent findings are not directly clear. They are not
due to smaller self‐reported differences in dietary GI in the two shop centers than in
the other centers, which were very similar (5 vs 5 units). The HGI diet was accompanied
by a significantly higher protein intake in the two shop centers and this may have con‐
founded the GI effect, although the interaction between GI and protein content was
not significant. It is also possible that the foods that contributed to the GI of the diet
were different in the two centers in this analysis from those in the whole DIOGENES
study population.
After 12 months most cardiovascular risk factors still showed significant improve‐
ments compared to baseline (pre LCD), except for total and LDL cholesterol. Diet com‐
position hardly influenced these changes, only fasting glucose concentration increased
significantly more in the LP than HP groups. The clinical relevance of this finding is not
clear, since fasting plasma glucose levels remained in the normal range on both diets. In
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addition, measures of insulin resistance, C‐peptide excretion and plasma fructosamine
concentration were not different between protein groups. Thus, in this population of
relatively healthy overweight adults an increase in dietary protein content, which im‐
proves weight loss maintenance, was not associated with negative effects on the risk
factor profile.
In conclusion, a moderate increase in dietary protein content helps to reduce
weight regain after weight loss on an ad libitum diet over a 12‐month period, without
untoward effects on risk factors for cardiovascular disease and type 2 diabetes. The role
of GI in prevention of weight regain remains uncertain.
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Supplementary information Figure 1 Trial profile

339 subjects were screened

September 2006

34 subjects
were not
eligible; 23
withdrew
before pre
LCD test day
September 2006
282 subjects attended pre LCD test day
1 subject
withdrew before
starting LCD;
19 subjects
withdrew during
LCD
November 2006

262 subjects attended post LCD test day

2 subjects withdrew

260 subjects were randomized

4 subjects did not
start after being
randomized

256 subjects started the 12-month intervention

LP/LGI
N=47

LP/HGI
N=53

HP/LGI
N=50

HP/HGI
N=54

Control diet
N=52

117 subjects withdrew

November 2007

LP/LGI
N=26
45% drop-out

139 subjects attended the post intervention test day

LP/HGI
N=21
61% drop-out

HP/LGI
N=37
26% drop-out

HP/HGI
N=28
48% drop-out

Control diet
N=27
48% drop-out
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Supplementary information Figure 2 Body weight change during the 12‐month randomized dietary interven‐
tion in the five diet groups (mean ± SE) for the completers (N = 139).
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Linear mixed model analysis with repeated measurements adjusted for BMI at randomization, total weight
loss during LCD period, age, diet group, center, family structure and gender. No significant differences among
the 5 diet groups.
LP/LGI = low protein/low glycemic index; LP/HGI = low protein/high glycemic index; HP/LGI = high pro‐
tein/low glycemic index; HP/HGI = high protein/high glycemic index
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Supplementary information Table 1a Subject characteristics (mean ± SD) post‐LCD (last day LCD) and urinary
nitrogen and C‐peptide excretion at baseline (pre LCD) (randomized subjects, N=256).
Variable

Low Protein
Low Glycemic
Index
N

MeanSD

High Glycemic
Index

High Protein

Control

Low Glycemic
Index

High Glycemic
Index

MeanSD

N MeanSD

N

N

MeanSD

N

MeanSD

Anthropometric measures
Gender (%male) 47

36

53

40

50 42

54 44

52 38

Age (years)

47

42.55.1

53

41.55.4

50 41.06.1

54 42.14.6

52 43.25.8

% Weight loss
during LCD (%)

47

11.72.4

53

11.12.6

50 11.02.2

54 11.12.2

52 11.23.1

Weight loss
47
during LCD (kg)

11.83.3

53

10.93.0

50 11.12.8

54 11.03.1

52 11.34.3

Weight (kg)

47

89.315.2

53

87.213.3

50 90.315.3

54 87.813.1 52 89.313.2

BMI (kg/m )

2

47

30.24.3

53

29.73.7

50 29.94.2

54 29.53.9

Fat‐free mass
(kg)

38

58.212.4

45

56.610.8

43 58.611.5

44 57.811.6 41 56.79.9

Fat mass (kg)

38

33.110.3

45

30.410.8

43 31.611.3

44 30.69.8

Waist circumfer‐ 47
ence (cm)

96.610.8

53

96.410.1

50 97.312.2

54 96.011.1 52 98.912.4

Hip circumfer‐
ence (cm)

107.99.6

52

105.39.3

48 107.38.2

52 105.38.4 51 106.18.2

Sagittal diameter 46
(cm)

20.92.9

53

20.42.8

49 20.73.1

52 20.03.0

Systolic blood
47
pressure (mmHg)

118.912.6

53

117.513.1

50 118.312.2

52 121.211.0 52 117.413.3

Diastolic blood 47
pressure (mmHg)

75.27.9

53

72.88.1

50 73.78.5

52 75.48.2

Total cholesterol 45
(mmol/L)

3.600.73

53

3.681.04

49 3.730.87

52 3.880.81 52 3.810.88

47

52 30.24.2

41 32.710.7

52 20.72.9

51 71.99.2

HDL (mmol/L)

45

0.970.18

53

1.050.27

49 1.060.28

52 1.060.21 52 1.040.24

LDL (mmol/L)

45

2.190.65

52

2.140.93

49 2.250.74

52 2.370.74 52 2.300.77

Triglycerides
(mmol/L)

44

0.950.37

51

0.930.36

49 0.960.35

52 0.990.39 52 1.040.39

Adiponectin
(g/mL)

47

8.073.10

53

7.493.27

49 7.242.80

51 7.823.76 52 8.293.51

CRP (mg/L)

43

2.392.42

51

2.752.58

47 2.622.24

52 2.462.53 47 2.602.52

Fasting glucose 47
(mmol/L)

4.630.41

53

4.530.43

45 4.650.85

52 4.780.52 51 4.570.44

Fasting insulin
(mmol/L)

46

7.713.43

51

8.395.24

47 6.903.40

50 7.844.17 50 10.1911.9
8

Fructosamine
(mol/L)

45

196.722.1

53

202.332.4

49 199.325.6

52 205.125.0 52 199.226.6
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Variable

Low Protein
Low Glycemic
Index
N

MeanSD

High Glycemic
Index

High Protein
Low Glycemic
Index

High Glycemic
Index

MeanSD

N MeanSD

N

MeanSD

N

Control

N

MeanSD

Anthropometric measures
2h Glucose
(mmol/L)

43

6.631.48

52

7.092.04

47 6.621.87

52 6.601.80 51 6.531.93

HOMA‐IR index 46

1.860.87

51

1.991.25

46 1.731.15

50 1.951.12 49 2.402.89

HOMA‐%B index 46

181.9118.2 51

214.1263.8 46 209.1246.0

50 156.075.4 49 245.6256.
6

Matsuda index

44

7.493.20

50

7.363.53

45 8.214.25

50 7.794.41 49 6.733.28

Urinary C‐
Peptide
(nmol/24h)

42

22.822.1

47

22.017.0

47 24.424.7

53 19.917.4 49 23.118.7

10.42.9

48

110.4.2

47 13.15.1

53 14.15.0

Urinary Nitrogen 43
(g/24h)

No statistically significant differences between the 5 diet groups (one way ANOVA).
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Supplementary information Table 1b. Subject characteristics (mean ± SD) post‐LCD (last day LCD) and urinary
nitrogen and C‐peptide excretion at baseline (pre LCD) (completers only, N=139).
Variable

Low Protein
Low Glycemic
Index
N

MeanSD

High Protein

High Glycemic
Index

Low Glycemic
Index

Control

High Glycemic
Index

N

MeanSD

N

MeanSD

N

MeanSD N

MeanSD

Anthropometric measures
Gender (%male) 26

31

21

38

37

40

28

39

27

44

Age (years)

26

42.85.2

21

42.24.6

37

41.66.0

28

42.44.3

27

44.56.8

%Weight loss
during LCD (%)

26

12.12.5

21

10.92.3

37

10.92.0

28

11.22.4

27

11.82.9

Weight loss
during LCD (kg)

26

12.73.5

21

10.13.1

37

11.22.9

28

11.13.5

27

11.94.5

Weight (kg)

26

91.516.5

21

82.212.1

37

91.516.1

28

86.511.7 27

2

26

30.64.4

21

28.52.7

37

30.44.3

28

28.73.7

Fat‐free mass (kg) 21

60.212.5

17

52.110.2

31

57.110.7

21

57.112.5 22

57.210.9

Fat mass (kg)*

21

35.510.7

17

27.19.2

31

34.311.5

21

28.69.1

22

30.110.2

Waist circumfe‐
rence (cm)

26

97.611.5

21

92.78.9

37

98.613.4

28

93.611.7 27

96.211.9

Hip circumference 26
(cm)*

110.310.5

21

102.67.9

36

108.78.4

28

106.58.7 27

104.29.0

Sagittal diameter 26
(cm)*

21.23.3

21

19.62.3

36

21.33.1

28

19.42.7

Systolic blood
26
pressure (mmHg)

117.311.9

21

115.915.6 37

Diastolic blood 26
pressure (mmHg)

75.78.3

21

72.99.8

37

74.48.8

28

74.27.5

Total cholesterol 26
(mmol/L)

3.650.83

21

3.851.04

36

3.700.80

27

3.560.84 27

3.690.84
1.050.25

BMI (kg/m )

118.312.8 28

27

27

120.612.0 27
27

87.313.3
29.23.6

19.72.4
116.712.3
71.48.7

HDL (mmol/L)*

26

0.930.14

21

1.120.26

36

1.030.26

27

1.090.19 27

LDL (mmol/L)

26

2.270.72

20

2.101.07

36

2.220.67

27

2.230.69 27

2.100.74

Triglycerides
(mmol/L)

26

1.010.41

19

0.970.35

36

0.990.37

27

0.890.29 27

0.920.31

Adiponectin
(g/mL)*

26

8.383.42

21

7.023.47

37

7.152.95

26

7.683.67 27

9.943.75

CRP (mg/L)

26

2.342.45

21

3.363.38

35

2.352.01

27

2.532.59 24

1.841.31

Fasting glucose
(mmol/L)

26

4.600.46

21

4.480.35

34

4.670.34

27

4.600.43 27

4.660.44

Fasting insulin
(mmol/L)

25

7.553.70

20

7.783.52

35

6.943.50

26

6.393.67 27

10.9916.0
7

Fructosamine
(mol/L)

26

196.622.1

21

206.734.9 36

192.622.3 27

207.124.4 27

203.727.2

2h Glucose

24

6.401.31

21

7.012.36

27

6.761.82 27

6.111.57

34

6.751.96
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Variable

Low Protein
Low Glycemic
Index
N

MeanSD

High Protein

High Glycemic
Index

Low Glycemic
Index

Control

High Glycemic
Index

N

MeanSD

N

MeanSD

N

MeanSD N

MeanSD

20

1.830.82

34

1.700.89

26

1.540.96 27

2.613.83

167.0151.6 26

149.177.8 27

254.9310.
8

Anthropometric measures
(mmol/L)
HOMA‐IR index

25

1.830.99

HOMA‐%B index 25

187.0128.6 20

194.7100.1 34

Matsuda index

24

7.893.62

20

7.203.54

34

7.943.72

26

9.295.03 27

7.403.76

Urinary C‐Peptide 25
(nmol/24h)

34.828.3

20

24.916.4

36

30.521.1

27

23.516.3 26

24.414.8

Urinary Nitrogen 25
(g/24h)

12.63.6

20

12.84.6

37

13.64.8

27

12.33.3

* statistically significant difference between the 5 diet groups (one way ANOVA, P < 0.05).
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Supplementary information Table 2 Self‐reported total energy and macronutrient intake, glycemic index,
glycemic load and fiber in the 5 diet groups at different time points of the 12‐month randomized period
(mean and 95% confidence interval).
Variable

Low Protein

High Protein

Control

Low glycemic
index

High glycemic
index

Low glycemic
index

High glycemic
index

N Mean
(95% CI)

N Mean
(95% CI)

N Mean
(95% CI)

N Mean
(95% CI)

N Mean
(95% CI)

P‐value*

Energy and macronutrient intake
Energy (kJ/day)
At baseline

46 9330
(8569 to
10090)

52 10069
(9115 to
11023)

50 9536
(8756 to
10315)

49 9197
(8234 to
10160)

47 9759
(9055 to
10462)

0.595

At week 4

38 5974
(5395 to
6552)

49 6378
(5825 to
6931)

48 6723
(6178 to
7267)

52 6374
(5827 to
6922)

46 6923
(6398 to
7448)

0.169

At week 26

27 7834
(7200 to
8468)

30 7496
(6422 to
8570)

40 7233
(6482 to
7984)

35 6458
(5801 to
7115)

33 7607
(6920 to
8294)

0.108

At week 52

21 6906
(6071 to
7741)

15 6728
(5372 to
8085)

27 7336
(6525 to
8146)

22 7029
(5860 to
8198)

24 8498
(7383 to
9613)

0.099

Carbohydrate (% of total energy intake)
At baseline

46 46.4
(44.5 to
48.4)

52 44.9
(42.6 to
47.3)

50 45.0
(42.9 to
47.1)

49 46.4
(44.6 to
48.3)

47 45.7
(43.4 to
48.1)

0.754

At week 4

38 56.3
(54.1 to
58.5)

49 55.2
(52.8 to
57.6)

48 45.2
(43.3 to
47.1)

52 48.2
(46.4 to
49.9)

46 50.8
(48.2 to
53.4)

< 0.001

At week 26

27 57.1
(54.7 to
59.3)

30 53.3
(50.2 to
56.4)

40 47.4
(45.4 to
49.5)

35 46.5
(44.8 to
48.3)

33 50.4
(48.0 to
52.8)

< 0.001

At week 52

21 56.3
(52.6 to
60.0)

15 54.1
(48.8 to
59.4)

27 46.5
(44.3 to
48.8)

22 47.6
(44.4 to
50.8)

24 45.9
(42.0 to
49.9)

< 0.001

Fat (% of total energy intake)
At baseline

46 34.8
(33.2 to
36.5)

52 35.9
(34.0 to
37.7)

50 35.7
(33.9 to
37.6)

49 34.6
(32.8 to
36.4)

47 35.4
(33.4 to
37.3)

0.820

At week 4

38 26.6
(24.2 to
29.0)

49 25.4
(23.8 to
26.9)

48 30.1
(28.0 to
32.3)

52 27.6
(26.1 to
29.1)

46 27.8
(25.5 to
30.0)

0.010

At week 26

27 26.1
(23.9 to
28.3)

30 27.0
(24.5 to
29.6)

40 27.9
(26.0 to
29.8)

35 28.3
(26.5 to
30.2)

33 28.2
(26.4 to
30.1)

0.547

At week 52

21 27.4

15 26.3

27 29.4

22 28.5

24 30.7

0.333
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Variable

Low Protein

High Protein

Control

Low glycemic
index

High glycemic
index

Low glycemic
index

High glycemic
index

N Mean
(95% CI)

N Mean
(95% CI)

N Mean
(95% CI)

N Mean
(95% CI)

N Mean
(95% CI)

(21.4 to
31.2)

(27.2 to
31.6)

(25.3 to
31.6)

(27.3 to
34.1)

P‐value*

Energy and macronutrient intake
(24.4 to
30.3)
Protein (% of total energy intake)
At baseline

46 17.4
(16.2 to
18.5)

52 16.6
(15.5 to
17.8)

50 16.5
(15.6 to
17.4)

49 16.3
(15.4 to
17.2)

47 15.7
(14.8 to
16.6)

0.251

At week 4

38 16.1
(15.0 to
17.1)

49 16.9
(16.0 to
17.8)

48 22.8
(21.5 to
24.1)

52 22.8
(21.6 to
24.0)

46 19.6
(18.5 to
20.7)

< 0.001

At week 26

27 15.9
(14.7 to
17.2)

30 17.0
(15.5 to
18.5)

40 23.0
(21.6 to
24.4)

35 24.6
(22.9 to
26.2)

33 19.0
(17.8 to
20.1)

< 0.001

At week 52

21 15.1
(13.7 to
16.5)

15 16.6
(14.5 to
18.7)

27 22.0
(20.6 to
23.4)

22 23.6
(20.3 to
26.9)

24 18.6
(16.4 to
20.8)

< 0.001

Glycemic index
At baseline

46 62.9
(61.3 to
64.4)

52 62.3
(61.0 to
63.6)

50 63.5
(62.2 to
64.8)

49 62.3
(60.9 to
63.7)

47 63.2
(62.0 to
64.3)

0.627

At week 4

38 55.8
(54.2 to
57.4)

49 63.1
(61.5 to
64.6)

48 57.9
(56.3 to
59.6)

52 64.3
(62.6 to
66.0)

46 60.8
(59.4 to
62.3)

< 0.001

At week 26

27 56.4
(54.6 to
58.3)

30 63.6
(61.9 to
65.2)

40 56.0
(54.3 to
57.7)

35 62.9
(61.2 to
64.6)

33 60.1
(58.5 to
61.6)

< 0.001

At week 52

21 58.1
(55.5 to
60.7)

15 63.2
(60.6 to
65.8)

27 57.5
(55.6 to
59.5)

22 62.5
(59.1 to
65.8)

24 60.7
(58.9 to
62.6)

0.003

Glycemic load (g/day)
At baseline

46 159.8
(146.2 to
173.4)

52 167.3
(147.8 to
186.7)

50 159.2
(145.0 to
173.4)

49 157.3
(137.7 to
177.0)

47 164.5
(150.7 to
178.2)

0.905

At week 4

38 110.9
(98.0 to
123.8)

49 130.3
(116.5 to
144.0)

48 102.6
(93.0 to
112.1)

52 116.9
(104.6 to
129.2)

46 126.7
(113.3 to
140.2)

0.010

At week 26

27 148.4
(134.4 to
162.3)

30 148.0
(124.8 to
171.2)

40 111.6
(99.3 to
123.9)

35 112.8
(98.5 to
127.0)

33 134.2
(122.0 to
146.4)

< 0.001

At week 52

21 134.4
(112.6 to

15 136.7
(102.0 to

27 113.6
(102.3 to

22 126.1
(97.5 to

24 142.7
(112.3 to

0.417
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Variable

Low Protein

High Protein

Low glycemic
index

High glycemic
index

Low glycemic
index

High glycemic
index

N Mean
(95% CI)

N Mean
(95% CI)

N Mean
(95% CI)

N Mean
(95% CI)

Control

P‐value*

N Mean
(95% CI)

Energy and macronutrient intake
156.3)

171.4)

125.0)

154.7)

173.0)

Fiber (g/day)
At baseline

46 19.9
(17.7 to
22.1)

52 17.0
(14.8 to
19.1)

50 19.0
(16.9 to
21.1)

49 17.7
(15.5 to
20.1)

47 18.3
(16.1 to
20.6)

0.371

At week 4

38 25.6
(21.8 to
29.4)

49 22.7
(19.7 to
25.7)

48 21.2
(19.2 to
23.3)

52 20.0
(17.8 to
22.2)

46 22.8
(20.6 to
25.0)

0.051

At week 26

27 29.0
(25.4 to
32.7)

30 23.4
(19.2 to
27.6)

40 22.3
(18.9 to
25.6)

35 20.2
(17.5 to
22.9)

33 22.7
(20.0 to
25.3)

0.007

At week 52

21 22.0
(18.9 to
25.0)

15 21.7
(15.5 to
28.0)

27 22.4
(18.8 to
25.9)

22 21.0
(15.8 to
26.3)

24 23.8
(19.8 to
27.7)

0.912

* P value for one‐way ANOVA
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Supplementary information Table 3 Changes in body composition (mean and 95% confidence interval) from
post‐LCD to the end of the 12 months randomized diet period in the completers (N = 139).
Variable

Low P/Low GI Low P/High GI High P/Low GI High P/High GI Control

P value*

Fat‐free mass (kg) 2.4
(1.5 to 3.3)

2.8
(1.7 to 3.9)

3.3
(2.4 to 4.2)

2.4
(1.3 to 3.5)

2.7
0.932
(1.7 to 3.7)

Fat mass (kg)

2.1
(‐0.5 to 4.7)

1.5
(‐0.7 to 3.7)

0.6
(‐1.9 to 3.1)

0.6
0.235
(‐1.8 to 2.9)

Waist circumfer‐ 6.8
ence (cm)
(3.4 to 10.2)

5.4
(1.7 to 9.1)

4.4
(1.0 to 7.7)

3.4
(0.1 to 6.7)

4.7
0.753
(1.2 to 8.3)

Hip circumference 5.0
(cm)
(2.4 to 7.6)

4.0
(1.2 to 6.8)

3.4
(0.9 to 5.8)

2.2
(‐0.2 to 4.6)

3.4
0.774
(0.8 to 6.0)

Sagittal diameter 1.3
(cm)
(0.3 to 2.3)

1.6
(0.5 to 2.7)

0.8
(‐0.2 to 1.8)

0.7
(‐0.4 to 1.7)

0.8
0.531
(‐0.2 to 1.9)

2.6
(0.5 to 4.8)

* P value for one‐way ANOVA
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Supplementary information Table 4 Changes in metabolic and cardiovascular risk factors (mean and 95%
confidence interval) from post‐LCD to the end of the 12 months randomized diet period in the completers (N
= 139).
Variable

Low P/Low GI

Low P/High GI

High P/Low GI High P/High GI

Control

P value*

Systolic blood
8.5
pressure (mmHg) (3.3 to 13.6)

7.9
(2.3 to 13.5)

6.9
(1.6 to 12.1)

4.3
(‐0.7 to 9.3)

6.0
(0.7 to 11.4)

0.801

Diastolic blood 4.5
pressure (mmHg) (0.7 to 8.2)

7.5
(3.5 to 11.6)

4.5
(0.7 to 8.3)

4.0
(0.4 to 7.6)

6.0
(2.2 to 9.9)

0.490

Total cholesterol 1.1
(mmol/L)
(0.8 to 1.4)

1.5
(1.2 to 1.8)

1.5
(1.2 to 1.9)

1.0
(0.7 to 1.3)

1.3
(0.9 to 1.6)

0.043

HDL (mmol/L)

0.3
(0.2 to 0.4)

0.1
(0.0 to 0.3)

0.4
(0.3 to 0.5)

0.3
(0.2 to 0.4)

0.2
(0.0 to 0.3)

0.157

LDL (mmol/L)

0.7
(0.4 to 1.0)

1.2
(0.9 to 1.5)

1.0
(0.7 to 1.3)

0.6
(0.3 to 0.9)

1.0
(0.7 to 1.3)

0.002

Triglycerides
(mmol/L)

0.3
(0.1 to 0.5)

0.4
(0.2 to 0.6)

0.4
(0.2 to 0.6)

0.2
(0.0 to 0.5)

0.2
(0.0 to 0.4)

0.883

Adiponectin
(g/mL)

3.9
(2.5 to 5.3)

3.2
(1.7 to 4.7)

3.0
(1.6 to 4.4)

2.9
(1.4 to 4.4)

2.5
(1.1 to 4.0)

0.365

CRP (mg/L)

0.0
(‐1.1 to 1.1)

‐0.1
(‐1.2 to 1.0)

0.3
(‐0.7 to 1.4)

‐0.1
(‐1.2 to 0.9)

0.3
(‐0.8 to 1.5)

0.413

Fasting glucose
(mmol/L)

0.6
(0.4 to 0.8)

0.5
(0.3 to 0.7)

0.3
(0.1 to 0.5)

0.3
(0.1 to 0.5)

0.3
(0.0 to 0.5)

0.091

Fasting insulin
(mIU/L)

1.6
(‐0.5 to 3.7)

2.4
(0.1 to 4.6)

3.1
(1.0 to 5.1)

1.3
(‐0.9 to 3.5)

0.9
(‐1.0 to 2.9)

0.557

Fructosamine
(mol/L)

13.0
(2.8 to 23.2)

1.3
(‐9.2 to 11.7)

21.9
6.5
(11.5 to 32.3) (‐3.7 to 16.7)

7.9
0.431
(‐2.5 to 18.3)

2h Glucose
(mmol/L)

‐0.4
(‐1.3 to 0.4)

‐1.3
(‐2.3 to ‐0.4)

‐1.3
(‐2.2 to ‐0.4)

‐1.4
(‐2.3 to ‐0.4)

‐1.0
(‐1.9 to ‐0.1)

0.803

Urea (mmol/L)

‐0.5
(‐1.0 to 0.0)

‐0.5
(‐1.0 to 0.1)

‐0.2
(‐0.7 to 0.3)

‐0.3
(‐0.8 to 0.2)

0.0
(‐0.5 to 0.5)

0.027

HOMA‐IR index

0.7
(0.2 to 1.3)

0.8
(0.2 to 1.4)

0.9
(0.4 to 1.4)

0.4
(‐0.1 to 1.0)

0.6
(0.1 to 1.1)

0.515

HOMA‐%B index ‐53.5
‐22.1
(‐121.4 to 14.4) (‐95.6 to 51.3)

12.1
‐4.9
(‐53.5 to 77.7) (‐75.7 to 65.9)

‐61.1
0.596
(‐124.9 to 2.7)

Matsuda index

‐1.4
(‐3.1 to 0.3)

‐1.3
(‐2.9 to 0.4)

‐1.7
(‐3.5 to 0.0)

‐0.7
(‐2.7 to 1.2)

‐0.7
(‐2.6 to 1.1)

0.856
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Abstract
Background: The treatment of obesity is an often studied subject. Although reductions
in weight and improvements in cardiometabolic risk factors are important aims of obe‐
sity treatment, improvements in quality of life and eating behaviour are also relevant
outcomes. In this practice based study we evaluated an 18 months commercial multi‐
disciplinary obesity treatment programme and report on treatment results for weight,
cardiometabolic risk factors, eating behaviour and quality of life.
Methods: From a local commercial obesity treatment center (CO‐EUR, Heerlen, The
Netherlands) 426 subjects (65% female; 45.4 ± 12.2 y; BMI 40.0 ± 6.6 kg/m2) were
recruited. Measurements of body weight, height, body composition, waist circumfer‐
ence and blood pressure were scheduled at baseline and every 3 months, whereas
fasting blood collections (glucose, HbA1c, lipid profile) were scheduled at baseline and
every 6 months. At the same time points participants were asked to fill in question‐
naires on dietary intake, eating behaviour, and quality of life.
Results: After the 18 months treatment programme, average weight change (mean
(95% confidence interval)) was ‐10.9 kg (‐14.8 to ‐7.0; p < 0.001) for the completers
(N=181) and ‐10.8 kg (‐14.2 to ‐7.4; p < 0.001) for the intention‐to‐treat population
(N=426). Waist circumference (mean±SEM) (‐0.13±0.01 cm (p<0.001)), fat mass (‐
7.8±1.3 kg (p<0.001)) systolic (‐11.4±2.0 (p<0.001)) and diastolic (‐7.0±1.3 (p<0.001))
blood pressure, triglycerides (‐0.4±0.1 (p=0.004)) and plasma glucose (‐0.6±0.2
(p=0.001)) were significantly reduced. The PCS scale of the SF‐36 and all three scales of
the TFEQ improved significantly over the 18 months treatment period.
Conclusion: All collected data in this study provides evidence that a multidisciplinary
treatment programme based on lifestyle modification, results in significant weight loss
and improvements in cardiometabolic risk factors, quality of life and eating behaviour.
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Introduction
Obesity is a multi‐factorial disease. It is associated with numerous co‐morbidities rang‐
ing from high blood pressure to cancer and joint issues (1). Physical activity and diet
seem to be the two most important actors in the obesity epidemic (2). Weight gain and
obesity in free‐living populations result from a long‐term positive energy balance,
where energy intake exceeds energy expenditure (3). The ‘obesogenic’ environment
that we are exposed to makes it easy to consume a lot of calorie dense food and reduce
energy expenditure to a minimum (4). There is also growing evidence that psychological
problems play an important role in the development and maintenance of obesity (5).
Binge eating disorder or disturbed eating habits are quite common among people who
suffer from obesity. Prevalence rates vary widely from 1% to 30% in patients seeking
non‐surgical weight‐loss treatment (6) and 2% to 49% in bariatric surgery candidates (7,
8).
Obesity treatment can be divided into surgical and non‐surgical treatments. For
morbid obesity (BMI > 40 kg/m2), or obesity BMI > 35 kg/m2 with high medical risk,
surgery is proposed as the most appropriate therapy when all other therapies have
been tried, but failed to produce significant weight loss (9). Non‐surgical therapies are
commonly used for obese individuals with a BMI < 40 kg/m2. Non‐surgical treatments
include drug treatment, increased physical activity, nutritional advice (diet) or psycho‐
logical counselling / behaviour therapy. Combinations of these therapies are usually
most effective (10). Results for these conventional treatments vary widely and are of‐
ten related to how motivated the individuals are (11, 12). Most therapies succeed in
achieving significant weight loss in motivated individuals. However, weight regain of‐
ten ensues (13). Long‐term behavioural therapy combined with a diet and physical
exercise programme can temper the risk of weight regain after weight loss (14, 15). A
long‐term maintained weight loss of 5‐10% has been shown to be associated with a
significant reduction of cardiometabolic risk (16‐18).
Where there are a number of reports on the outcome of obesity treatments in
primary care (19, 20) and well‐known commercial weight management programmes
like Weight Watchers or Slimming World (21, 22), other outpatient commercial pro‐
grammes have seldomly been evaluated despite the fact that many obese individuals
are being treated in such programmes. Local outpatient commercial obesity treatment
programmes can provide a solid basis for their patients to stay in contact and provide
help also after treatment when needed.
In this practice‐based study we evaluated an 18 months commercial multidiscipli‐
nary obesity treatment programme and report on treatment results for weight, cardi‐
ometabolic risk factors, eating behaviour and quality of life.
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Methods

Study design and participants
For this longitudinal study 426 consecutive obese individuals (BMI ≥ 30 kg/m2, age ≥ 18
y), who started treatment on a voluntary basis in a local commercial obesity treatment
centre (CO‐EUR, Heerlen, the Netherlands) between November 2009 and April 2011
and were willing to participate in this study, were recruited. To be admitted to the
treatment programme a referral from a general practitioner or medical specialist was
required. The participants were enrolled in the CO‐EUR treatment programme and
most of the data used for this study were routinely collected by CO‐EUR. For this study,
the centre additionally asked the study participants to fill in questionnaires on food
intake, eating behaviour and quality of life. The Medical Ethical Committee of Maas‐
tricht University approved the study protocol and informed consent document. All
subjects gave written informed consent before being enrolled into the study.

The CO‐EUR treatment programme
The CO‐EUR commercial obesity treatment programme was founded in 2008. The pro‐
gramme consisted of an 18‐month multi‐disciplinary programme targeting lifestyle
modification. The programme included a physical activity programme, psychological
counselling based on cognitive behavioural therapy (CBT) and nutritional advice to
promote a healthy lifestyle. The physical activity consisted of one group sport session
(Nordic walking, swimming or medical training therapy) per week and the subjects were
encouraged to implement two additional exercise sessions in their weekly routine. The
psychological and nutritional group meetings were scheduled once a week initially, with
individual meetings every two to four weeks, depending on individual needs. In the
course of the program the number and frequency of group meetings was redefined,
based on the individual subject’s requirements and developments.

Measurements
Measurements of body weight, height, body composition, waist circumference and
blood pressure were scheduled at baseline and every 3 months, whereas fasting blood
collections (glucose, HbA1C, lipid profile) were scheduled at baseline and every 6
months. At the same time points participants were asked to fill in the questionnaires
(dietary intake, eating behaviour, quality of life). All measurements were performed at
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the treatment centre. The clinical chemistry laboratory of ATRIUM Medical Centre in
Heerlen, the Netherlands, performed the biochemical analysis of the blood samples.
Body height was measured with a fixed stadiometer (Seca 222, Hamburg, Germany).
Body weight was measured with a digital scale (Omron HBF‐500E, Omron Healthcare
Europe) to the nearest 0.1 kg. Body composition was determined by bioelectrical im‐
pedance analysis (Omron HBF‐500E, Omron Healthcare Europe). Waist circumference
was measured with a flexible tape (Seca 201, Hamburg, Germany). Blood pressure was
measured with a digital blood pressure monitor (Omron M6 Intellisense, Omron
Healthcare Europe).
Data on dietary intake were obtained from a food frequency questionnaire that as‐
sessed the habitual diet in the previous month. Eating behaviour was assessed by the
three factor eating questionnaire (TFEQ) (23). Quality of life was assessed with the SF‐
36 questionnaire (24). We analysed both the physical component summary and the
mental component summary scale. These two scales summarize the questionnaire
subscales on physical and mental health aspects.

Statistical analysis
Results are presented as means ± SD, and estimates of effects as means ± SEM. The
primary endpoint was the weight change over the 18 months treatment. The complet‐
ers analysis involved all subjects that completed the 18‐months treatment programme
(N = 181). We used a mixed model analysis to evaluate the weight changes (assessed at
7 different time points during the 18 months treatment). In addition an intention‐to‐
treat analysis (ITT) that involved all subjects that were recruited for the study (N = 426)
was performed. This analysis assumed that the weight changes in participants who
dropped out of the study followed the same course as in the completers from the mo‐
ment they dropped out. Furthermore, a sensitivity analysis was performed which as‐
sumed a return to baseline of body weight at 18 months in participants that had
dropped‐out of the study. Additional analyses were performed on changes in risk fac‐
tors and questionnaire outcomes. Significance was set at a P value < 0.05. Data were
analysed with SPSS version 21.0 (IBM, Armonk, NY, USA).

Results
426 subjects (149 male, 277 female, age 45.4 ± 12.2 y) were recruited. Their baseline
characteristics are shown in table 1. 181 of the initial 426 subjects (42 %) completed
the 18 months treatment programme. Completers were older (p < 0.001) and reported
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a significantly lower energy intake than drop‐outs (p = 0.021). Drop‐outs scored signifi‐
cantly higher on the TFEQ hunger scale than completers (p = 0.011) (table 1).
Table 1: Baseline characteristics of all subjects with a comparison between completers and drop‐outs. Data
are presented as mean (SD)
Variables

N (completers)

Overall
mean (SD)

Completers
mean (SD)

Drop‐outs
mean (SD)

p‐value*

Sex (% male)

426 (181)

35.0

35.4

34.7

0.887

Age (years)

426 (181)

45.3 (12.2)

47.9 (12.0)

43.5 (12.1)

<0.001

Weight (kg)

426 (181)

117.4 (23.1)

116.7 (21.3)

118.0 (24.3)

0.554

BMI (kg/m )

2

426 (181)

40.0 (6.6)

40.1 (6.5)

40.0 (6.8)

0.927

Waist circumference (m)

426 (181)

1.25 (0.16)

1.25 (0.16)

1.25 (0.16)

0.985

Fat mass (kg)

390 (181)

52.4 (12.1)

51.8 (11.1)

53.0 (12.8)

0.318

Systolic blood pressure
(mmHg)

426 (181)

140 (19)

141.7 (19.5)

138.7 (19.0)

0.119

Diastolic blood pressure
(mmHg)

426 (181)

83 (11)

84.0 (11.1)

82.2 (10.1)

0.076

Energy intake (MJ)

308 (140)

12.4 (4.7)

11.7 (4.7)

13.0 (4.8)

0.021

Carbohydrates (% of total
energy intake)

308 (140

50.1 (8.3)

50.4 (7.6)

49.8 (8.8)

0.564

Total fats (% of total energy 308 (140)
intake)

32.6 (6.7)

32.0 (6.6)

33.2 (6.8)

0.122

Protein (% of total energy
intake)

308 (140)

16.5 (4.0)

16.7 (3.8)

16.4 (4.1)

0.465

Fiber (g per day)

308 (140)

29.5 (11.7)

29.9 (12.0)

29.1 (11.4)

0.539

TFEQ_restraint

310 (143)

7.5 (3.6)

7.5 (3.6)

7.5 (3.7)

0.914

TFEQ_disinhibition

310 (143)

6.9 (3.0)

6.5 (3.0)

7.2 (3.0)

0.061

TFEQ_hunger

310 (143)

5.8 (3.5)

5.2 (3.5)

6.2 (3.5)

0.011

SF‐36 PCS

307 (140)

42.3 (10.9)

42.1 (10.5)

42.4 (11.2)

0.802

SF‐36 MCS

307 (140)

46.6 (12.7)

46.4 (12.6)

46.7 (12.8)

0.821

Total cholesterol (mmol/L)

413 (178)

5.1 (1.0)

5.1 (1.1)

5.0 (1.0)

0.262

HDL (mmol/L)

412 (178)

1.3 (0.3)

1.3 (0.3)

1.3 (0.4)

0.882

Ratio total cholesterol‐HDL 412 (178)

4.2 (1.2)

4.2 (1.2)

4.2 (1.2)

0.839

LDL (mmol/L)

412 (178)

3.0 (0.9)

3.0 (1.0)

2.9 (0.9)

0.270

Triglycerides (mmol/L)

413 (178)

1.9 (1.1)

1.9 (1.0)

1.9 (1.2)

0.918

Plasma glucose (mmol/L)

410 (176)

6.4 (2.1)

6.4 (1.9)

6.4 (2.3)

0.960

HbA1C (mmol/mol)

412 (178)

43.2 (14.4)

43.6 (13.3)

43.0 (15.3)

0.683

* completers vs drop‐outs
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Dietary intake
At baseline, participants reported an energy intake of 12.4 ± 4.7 MJ, which consisted of
50 ± 8 % of carbohydrate, 33 ± 7%, protein and 16 ± 4% fat (table 1). During treatment
energy intake was significantly reduced (p < 0.001) and the macronutrient distribution
shifted towards an increased protein intake (p < 0.001) and a reduced fat intake (p <
0.001) with no clear change in carbohydrate intake. There was no significant change in
fiber intake (table 2).
Table 2: Estimates of change in dietary intake (mean and SEM) between baseline and 6, 12 and 18 months of
treatment
Variables

Number

Baseline value
mean (SEM)

Time point
value (SEM)

Mean difference
(SEM)

p‐value*

Energy intake (MJ per day)
6 months

171

12.6 (0.4)

7.9 (0.2)

‐4.6 (0.4)

<0.001

12 months

106

12.3 (0.5)

7.1 (0.2)

‐5.2 (0.5)

<0.001

18 months

32

12.2 (0.9)

7.4 (0.3)

‐4.8 (1.0)

<0.001

Carbohydrates (% of total energy intake)
6 months

171

49.6 (0.6)

52.1 (0.5)

2.5 (0.8)

0.003

12 months

106

49.0 (0.9)

51.0 (0.7)

2.0 (1.1)

0.081

18 months

32

51.2 (1.4)

53.5 (1.4)

2.2 (2.0)

0.276

24.8 (0.4)

‐7.9 (0.7)

<0.001

Total fats (% of total energy intake)
6 months

171

32.7 (0.6)

12 months

106

32.7 (0.8)

25.7 (0.5)

‐6.9 (0.9)

<0.001

18 months

32

31.6 (1.5)

24.8 (1.1)

‐6.8 (1.8)

0.001

Protein (% of total energy intake)
6 months

171

16.4 (0.3)

22.3 (0.3)

5.9 (0.5)

<0.001

12 months

106

17.3 (0.4)

22.2 (0.4)

4.9 (0.6)

<0.001

18 months

32

16.2 (0.7)

21.0 (0.7)

4.7 (1.0)

<0.001

Fiber (g per day)
6 months

171

30.0 (0.9)

30.3 (0.8)

0.2 (1.2)

0.844

12 months

106

29.9 (1.3)

27.1 (1.0)

‐2.7 (1.6)

0.092

18 months

32

33.9 (2.2)

29.3 (1.7)

‐4.5 (2.8)

0.116

*p value for comparison between baseline and time point
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Body weight
Average weight change over the 18 months treatment programme was ‐10.9 kg (‐14.8
to ‐7.0; p < 0.001) for the completers and ‐10.8 kg (‐14.2 to ‐7.4; p < 0.001) for the in‐
tention‐to‐treat population (table 3). We additionally performed a sensitivity analysis in
which we assumed that drop‐outs returned to their baseline weight after dropping‐out.
This analysis resulted in a ‐4.6 kg (‐7.4 to ‐1.9; p = 0.001) weight change over the 18
months treatment period. Figure 1 shows the body weight changes over the 18 months
treatment period for these 3 analyses.

Table 3: Estimates of change in body weight (mean and 95% confidence interval) between baseline and 18
months of treatment
Variable

Number

Change in body weight (kg)

P‐value

Completers analysis

181

‐10.9 (‐14.8 to ‐7.0)

<0.001

Intention‐to‐treat analysis 426

‐10.8 (‐14.2 to ‐7.4)

<0.001

Sensitivity BCF analysis

‐4.6 (‐7.4 to ‐1.9)

0.001

426

Figure 1: Body weight changes (SEM) in the completers, the ITT population and sensitiv‐
ity analysis with Baseline Carried Forward over the 18 months treatment.
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Body composition
Waist circumference and fat mass both showed a highly significant improvement during
the whole treatment period resulting in a ‐0.13 ± 0.01 cm (p<0.001) in waist circumfer‐
ence and ‐7.8 ± 1.3 kg (p<0.001) in fat mass after 18 months of treatment (table 4).

Table 4: Estimates of change in body composition (mean and SEM) between baseline and 6, 12 and 18
months of treatment
Variables

Number

Baseline value
mean (SEM)

Time point valueMean difference (SEM)
(SEM)

p‐value*

2

BMI (kg/m )
6 months

309

40.1 (0.4)

37.1 (0.3)

‐3.0 (0.5)

<0.001

12 months

235

40.2 (0.4)

36.7 (0.4)

‐3.5 (0.6)

<0.001

18 months

181

39.8 (0.5)

36.1 (0.5)

‐3.7 (0.7)

<0.001

Waist circumference (m)
6 months

309

1.25 (0.01)

1.16 (0.01)

‐0.09 (0.01)

<0.001

12 months

235

1.26 (0.01)

1.14 (0.01)

‐0.12 (0.01)

<0.001

18 months

181

1.25 (0.01)

1.12 (0.01)

‐0.13 (0.01)

<0.001

Fat mass (kg)
6 months

302

52.5 (0.7)

46.0 (0.7)

‐6.5 (1.0)

<0.001

12 months

227

52.4 (0.8)

43.8 (0.8)

‐8.6 (1.2)

<0.001

18 months

181

51.4 (0.9)

43.6 (1.0)

‐7.8 (1.3)

<0.001

* p value for comparison between baseline and time point

Cardiometabolic risk factors
Systolic and diastolic blood pressure showed a significant reduction at every time point
over the whole 18 months treatment period (p < 0.001). There were no significant im‐
provements in cholesterol except for total cholesterol and ratio total cholesterol – HDL
in the first 6 months (p = 0.005 and p = 0.040 respectively) (table 5). Triglycerides on
the other hand were significantly lowered at all 3 time points (p < 0.005). Plasma glu‐
cose was significantly reduced at 6 (p <0.001) and 18 months (p = 0.001), with a trend
at 12 months (p = 0.054), and HbA1c was significantly reduced at 6 months of treat‐
ment only (table 5).
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Table 5: Estimates of change in cardiometabolic risk factors (mean and SEM) between baseline and 6, 12 and
18 months of treatment
Variables

Number

Baseline value
mean (SEM)

Time point value
(SEM)

Mean difference
(SEM)

p‐value*

Total cholesterol (mmol/L)
6 months

269

5.1 (0.06)

4.9 (0.06)

‐0.2 (0.09)

0.005

12 months

209

5.1 (0.07)

5.0 (0.07)

‐0.1 (0.1)

0.272

18 months

116

5.2 (0.1)

5.1 (0.09)

‐0.1 (0.1)

0.156

HDL cholesterol (mmol/L)
6 months

269

1.3 (0.02)

1.3 (0.02)

0.0 (0.02)

0.651

12 months

209

1.2 (0.02)

1.3 (0.02)

0.1 (0.03)

0.106

18 months

116

1.3 (0.03)

1.3 (0.03)

0.0 (0.04)

0.107

Ratio total cholesterol ‐ HDL cholesterol
6 months

269

4.3 (0.07)

4.1 (0.07)

‐0.2 (0.1)

0.040

12 months

209

4.3 (0.08)

4.1 (0.09)

‐0.2 (0.1)

0.057

18 months

116

4.3 (0.1)

4.0 (0.1)

‐0.3 (0.2)

0.053

LDL cholesterol (mmol/L)
6 months

269

3.0 (0.06)

2.9 (0.06)

‐0.1 (0.08)

0.217

12 months

209

2.9 (0.06)

2.9 (0.06)

0.0 (0.09)

0.765

18 months

115

3.1 (0.08)

3.0 (0.08)

‐0.1 (0.1)

0.643

Triglycerides (mmol/L)
6 months

269

1.8 (0.06)

1.5 (0.05)

‐0.3 (0.08)

<0.001

12 months

209

2.0 (0.08)

1.6 (0.06)

‐0.4 (0.1)

<0.001

18 months

116

2.0 (0.1)

1.6 (0.1)

‐0.4 (0.1)

0.004

6 months

269

6.4 (0.1)

5.9 (0.09)

‐0.5 (0.1)

<0.001

12 months

209

6.6 (0.1)

6.2 (0.2)

‐0.4 (0.2)

0.054

18 months

115

6.3 (0.1)

5.7 (0.1)

‐0.6 (0.2)

0.001

Glucose (mmol/L)

HbA1c (mmol/mol)
6 months

269

43.4 (0.8)

40.4 (0.7)

‐3.0 (1.0)

0.004

12 months

208

45.1 (1.1)

42.9 (0.9)

‐2.2 (1.5)

0.128

18 months

117

42.9 (1.0)

40.8 (0.8)

‐2.1 (1.3)

0.105

Systolic blood pressure (mmHg)
6 months

309

141.6 (1.0)

129.1 (0.9)

‐12.5 (1.4)

<0.001

12 months

235

142.0 (1.2)

128.7 (1.2)

‐13.3 (1.7)

<0.001

18 months

181

141.6 (1.4)

130.2 (1.4)

‐11.4 (2.0)

<0.001

Diastolic blood pressure (mmHg)
6 months

309

83.9 (0.6)

77.7 (0.6)

‐6.1 (0.9)

<0.001

12 months

235

83.9 (0.7)

76.8 (0.8)

‐7.1 (1.0)

<0.001

18 months

181

83.7 (0.9)

76.7 (1.0)

‐7.0 (1.3)

<0.001

* p value for comparison between baseline and time point
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Quality of life and eating behaviour
With respect to quality of life, only the physical component summary scale showed a
significant improvement over the whole 18 months treatment period. The mental com‐
ponent summary scale did not change significantly (table 6). All three scales of the
Three Factor Eating Questionnaire (TFEQ) (restrained eating, disinhibition and hunger)
significantly improved on all measured time points during the 18 months treatment
(table 6).

Table 6: Estimates of change in SF‐36 and TFEQ questionnaire scores (mean and SEM) between baseline and
6, 12 and 18 months of treatment
Variables

Number

Baseline value
mean (SEM)

Time point value
(SEM)

Mean
difference (SEM)

p‐value*

42.6 (0.9)

47.1 (0.8)

4.5 (1.2)

<0.001

Physical component summary
6 months

177

12 months

121

40.9 (1.1)

47.3 (1.0)

6.4 (1.5)

<0.001

18 months

42

43.1 (1.7)

49.0 (1.6)

5.9 (2.4)

0.015

Mental component summary
6 months

177

48.6 (0.9)

50.9 (0.8)

2.3 (1.2)

0.063

12 months

121

48.0 (1.2)

50.0 (1.0)

2.0 (1.6)

0.197

18 months

42

46.0 (2.3)

51.6 (1.8)

5.6 (2.9)

0.063

TFEQ cognitive restrained eating
6 months

159

7.5 (0.3)

11.1 (0.2)

3.6 (0.4)

<0.001

12 months

108

7.6 (0.4)

11.2 (0.3)

3.6 (0.5)

<0.001

18 months

37

8.0 (0.6)

11.1 (0.4)

3.1 (0.7)

<0.001

6 months

159

6.5 (0.2)

4.9 (0.2)

‐1.6 (0.3)

<0.001

12 months

108

6.3 (0.3)

4.5 (0.3)

‐1.8 (0.2)

<0.001

18 months

37

6.6 (0.5)

4.7 (0.4)

‐1.9 (0.6)

0.004

6 months

159

5.5 (0.3)

2.5 (0.2)

‐3.0 (0.3)

<0.001

12 months

108

5.0 (0.3)

2.3 (0.2)

‐2.6 (0.4)

<0.001

18 months

37

5.0 (0.6)

1.6 (0.2)

‐3.3 (0.6)

<0.001

TFEQ disinibition

TFEQ hunger

* p value for comparison between baseline and time point
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Discussion
The results of this 18‐month commercial multidisciplinary treatment programme based
on lifestyle modification indicate that it is possible to achieve an acceptable weight
reduction (±9%) with improvements in cardiometabolic risk factors, quality of life and
eating behaviour in (mostly severely) obese individuals. The subjects that completed
the 18 months treatment programme had an average weight change of ‐10.9 kg (‐14.8
to ‐7.0; p < 0.001) compared to ‐10.8 kg (‐14.2 to ‐7.4; p < 0.001) for the intention‐to‐
treat population. With the conservative BCF sensitivity analysis assuming that drop‐outs
returned to their baseline weight this analysis still predicted a ‐4.6 kg (‐7.4 to ‐1.9; p =
0.001) weight change after 18 months of treatment in the whole cohort.
The strength of this treatment programme lies in the combination of behavioural
therapy based on CBT with nutritional advice and physical activity. Behavioural therapy
has been shown to be an important factor in obesity treatment based on lifestyle modi‐
fication (15). The psychologists involved in this treatment programme do not only treat
the eating disorder or the disturbed eating behaviour, but also the psychological prob‐
lems that might lie at the basis of the disturbed eating behaviour.
When looking solely at the weight reduction, the results of this programme are
more favourable or similar to those of other large scale studies on commercial or pri‐
mary care programmes based on lifestyle modification (19‐22, 25, 26). Standard prima‐
ry care results appear to be the least favourable: in a large RCT by Jebb et al., obese
individuals who were referred to a commercial programme by their primary care pro‐
vider lost twice as much weight as those obtaining standard primary care over 12
months (20). After 24 months the difference between the two groups was smaller,
although it was still in favour of the group that had participated in the commercial
treatment programme, despite the fact that those participants had regained more
weight (19). The Swedish commercial weight loss program “Itrim” obtained a weight
loss of ‐10.9±7.5 kg after 12 months (25). Slimming World has reported a weight loss of
9.6 kg after 6 months (22). Evaluation of the Jenny Craig programme showed a weight
loss of 7.3±10.4 kg at 12 months (26). The Weight Watchers programme produced a
6.0±0.8 kg weight loss at 48 weeks (21).
A modest weight loss of 5‐10% of total body weight, produces health benefits with
respect to blood pressure, blood lipids and blood sugar (27). Over the years, this has
become a well‐established finding in (lifestyle based) weight loss interventions (17, 18),
and our findings in this study are in line with this except for cholesterol. The effect on
risk factor profile is likely to be underestimated by our data, because we did not correct
for changes in medication during treatment. Many participants were on antihyperten‐
sive, glucose‐lowering and/or lipid‐lowering drugs at the start of treatment and pre‐
scriptions were decreased during the treatment based on changes in these risk factors.
Information about changes in medication were not available, but it can be speculated
that these changes have affected the findings on changes in risk factors.
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Although modest weight loss of 5‐10% produces these benefits, greater long‐term
weight loss is often recommended in patients with BMI > 35 kg/m2. The European Clini‐
cal Practice Guidelines recommend > 20% weight loss (28), in Germany the objective of
obesity treatment is a long‐term weight reduction of > 10% (29) and recent recommen‐
dations of the Scottish Intercollegiate Guidelines Network (SIGN) state that in many
patients with BMI > 35 kg/m2 a greater than 15‐20% weight loss will be required to
obtain a sustained improvement in comorbidity (30). At baseline, 75% of the complet‐
ers had a BMI > 35 kg/m2. Of these, 40% achieved a weight loss > 10%, 20% achieved >
15% weight loss and only 12% had more than 20% weight loss after 18 months of
treatment (supplementary figure 1).
The dietary advice given in the CO‐EUR programme is based on a healthy balanced
diet of 40‐60% carbohydrate, 20‐30% fat and 20‐30% protein without the use of meal
replacement products. Recommended caloric intake was estimated based on age, gen‐
der and body height. Self‐reported dietary intakes were in agreement with these rec‐
ommendations at all timepoints. The large scale Diogenes trial has shown that an ad
libitum diet with a comparable reduced fat and increased dietary protein content has a
favourable effect on weight regain after initial weight loss (31).
Although reductions in weight and improvements in cardiometabolic risk factors
are important aims of obesity treatment, improvements in quality of life and eating
behaviour are also relevant outcomes (32). Quality of life is an important indicator in
self perceived health (33) and obesity is associated with decreased quality of life (34).
Recent studies have shown significant improvements in quality of life after intensive
lifestyle interventions, as measured by both the PCS and the MCS scale of the SF‐36 (35,
36). Warkentin et al. state that, to achieve the minimally clinical important difference of
3‐5 scale points on the PCS and MCS scale, a weight loss of > 20% would be more ap‐
propriate than the commonly cited 5% threshold in severely obese individuals (37).
Nevertheless, our 18 months results show a significant improvement of 5.9 scale points
in PCS and a trend for improvement in MCS (5.6 scale points, p=0.063) with an average
weight loss of 9 %.
Eating behaviour as assessed by the three factor eating questionnaire produced
highly significant improvements on the restrained eating, disinhibition and hunger
scores in the first 6 months and these improvements were maintained over the course
of the 18 months treatment. The CBT used by the psychologists in the programme
treats the disturbed eating behaviour, which results in more restrained eating and less
disinhibition (38). The previously addressed increased protein intake may also have
contributed to the reduced feeling of hunger, because proteins provide a more satiat‐
ing effect than fats or carbohydrates (39, 40).
The strength of this study is that it is a practice‐oriented study. It shows what can
be achieved with commercial obesity treatment in mostly severely obese individuals.
Obviously, such practice‐oriented study also has limitations. Drop‐out rates are known
to be a major problem when analysing data from obesity treatments in a real‐life set‐
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ting (ranging form 10% to 80% (41)) compared to well‐controlled scientific studies (42).
In our study the financial burden of the treatment (which is non‐existent in a clinical
trial) was an important factor for drop‐out. Participants in the treatment programme
were committed to paying € 50,‐ per month. The region in which the treatment centre
is located is a rather low‐SES region and for participants with a low SES, the financial
contribution to the treatment can be quite a burden. Moreover, not all participants
showed up at planned measurements, which accounted for missing data. The high
drop‐out rate and missing data at different time points during the treatment may have
affected the power of our analyses. We therefore used a mixed model analysis as pro‐
posed in the literature (43) and analysed the data in three different ways (completers,
ITT and sensitivity analysis). Also, some data, like information on prescription medica‐
tion were not systematically registered and can therefore not be used properly in the
analysis. The study was not designed as a randomized clinical trial and therefore no
control group was included. We can therefore only compare our data with similar stud‐
ies that did use a control group (15). These studies show an average weight loss of 1 kg
over 12 months in the control group.
In conclusion, our data show that an 18‐month multidisciplinary commercial treat‐
ment programme based on lifestyle modification, results in significant weight loss and
improvements in cardiometabolic risk factors, quality of life and eating behaviour in
mostly severely obese individuals.
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Supplementary figure 1 Percentage of completers at 18 months with BMI > 35 kg/m at baseline displayed in
weight loss categories
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Abstract
Background: Impaired glucose tolerance, a risk factor for the development of type 2
diabetes, has a very high prevalence in obese subjects. This study aims to explore the
contributions of changes in weight, physical activity (PA), sleep efficiency (SE) and ex‐
cessive daytime sleepiness (EDS) to changes in glucose tolerance in severely obese
subjects during a commercial lifestyle modification programme.
Methods: At intake, after 3 and 6 months of treatment, 33 subjects (28.2% male, age:
42.7±12.3 years, weight: 118.1±23.8, BMI: 40.0±7.3 kg/m2) were subjected to an oral
glucose tolerance test (OGTT), wore an accelerometer for 6 consecutive days and
weight and body composition were measured.
Results: After 6 months of treatment there was a significant reduction in weight ‐11.1
kg, BMI ‐3.8 kg/m2, waist circumference ‐10.8 cm, %Bodyfat ‐4.7% and fat mass ‐10.2 kg
(all values P at least <0.001). Glucose tolerance (2h glucose during OGTT) (0.8 mmol/L,
P=0.042)) showed a significant improvement. PA, SE and EDS did not change significant‐
ly. Changes in weight and PA contributed significantly to the change in glucose toler‐
ance (weight 16%, P = 0.021; PA 11%, P=0.049).
Conclusion: We conclude that this commercial lifestyle modification programme signifi‐
cantly reduced weight, waist circumference, %bodyfat and fat mass and improved glu‐
cose tolerance after 3 and 6 months of treatment. The improvement in glucose toler‐
ance was partly explained by the changes in weight and PA, but not by SE or EDS. This
study reveals that severely obese subjects benefit from an increase in physical activity
independent of weight loss with regard to improvements in glucose tolerance.
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Introduction
Overweight and obesity present a serious health risk, by increasing the risk of several
diseases like type 2 diabetes mellitus and cardiovascular disease (1‐3). Reducing the risk
of these co‐morbidities and maintaining clinically meaningful weight loss should be the
goal of any obesity treatment programme. Obesity treatment can consist of an in‐
crease in physical activity, reduction of energy intake and/or more healthy eating hab‐
its, behavioral change, pharmacological treatment, surgery or a combination of these
methods (2‐4).
Impaired glucose tolerance, a risk factor for the development of type 2 diabetes,
has a high prevalence in obese subjects (5, 6). Weight loss, be it by bariatric surgery or
by more conservative methods, has been shown to be associated with improvements in
glucose tolerance in obese individuals (7‐9). In addition, it is well‐known that exercise
training may improve insulin sensitivity and glucose tolerance (10). Research on this
topic has primarily been done in heterogeneous groups, and studies specifically in
obese subjects, and even more so in severe obesity, are scarce (11). In recent years,
sleep efficiency (SE) and excessive daytime sleepiness (EDS) have been shown to be
associated with both glucose tolerance and obesity (12‐15). But a clear cause‐effect
relationship has not yet been established.
The aim of the present study was to explore the independent contributions of
changes in weight, physical activity, sleep efficiency and EDS to changes in glucose tol‐
erance in obese subjects during treatment in a commercial lifestyle modification pro‐
gramme.

Methods

Subjects
60 subjects from a local commercial obesity treatment centre (CO‐EUR, Heerlen, The
Netherlands) were recruited. Subjects were at least 18 years old and had a BMI > 30
kg/m2. Insulin‐dependent diabetics and subjects that were not able to participate in the
physical activity programme were excluded. The study protocol and informed consent
document were approved by the Medical Ethical Committee of Maastricht. All subjects
gave written informed consent before being enrolled into the study.
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Study design
This study was a longitudinal observational study. The researchers did not intervene in
the treatment programme performed at the obesity treatment centre. At the start
(intake) of the treatment in the obesity treatment centre and after 3 and 6 months of
treatment, we performed an oral glucose tolerance test (OGTT), a 6‐day physical activi‐
ty (PA) and sleep measurement and we measured weight, height, waist circumference
(WC), percentage body fat (%BF) and fat mass (FM). Subjects filled out the Epworth
Sleepiness Scale (ESS) at intake and at 3 and 6 months.

Measurements

Oral glucose tolerance test
A standardized OGTT was performed after an overnight fast. At t0 a capillary blood
glucose measurement was performed with a capillary blood glucose meter (Ascensia
Breeze® meter, Bayer Healthcare LLC). Capillary blood was obtained by finger prick. The
results of this blood glucose meter correlate well with laboratory blood glucose meas‐
urements (r = 0.97) (16). Directly thereafter subjects consumed a standard 300 ml
glucose drink containing 75g of glucose dissolved in water. During the next 2 hours, the
subjects were not allowed to eat, drink or be physically active. Two 2 hours after con‐
sumption of the drink (t2h) capillary blood glucose was measured again. The capillary
glucose concentration 2 hours after ingestion of the glucose drink was used to assess
glucose tolerance and its change during treatment.

Anthropometric measurements
Body height was measured with a fixed stadiometer (Seca 222, Hamburg, Germany).
Body weight was measured with a digital scale (Omron HBF‐500E, Omron Healthcare
Europe) to the nearest 0.1 kg. Body composition was determined by bioelectrical im‐
pedance analysis (Omron HBF‐500E, Omron Healthcare Europe). Waist circumference
was measured with a flexible tape (Seca 201, Hamburg, Germany).
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Physical Activity
Physical activity was measured during 6 days at each time point. For this measurement
we used an uni‐axial accelerometric device: the Sensewear Pro 2 Armband (HealthWear
Bodymedia, Pittsburgh, PA). The Sensewear Pro 2 armband was positioned around the
right upper arm and worn 24 hours per day except during bathing or water activities.
Physical activity was described as a minimum of 2 consecutive minutes at ≥ 3 MET (1
MET (Metabolic Equivalent Task) is the Resting Metabolic Rate (RMR) obtained during
quiet sitting. MET values of activities are multiples of RMR and range from 0.9 (sleep‐
ing) to 23 (running at 22.5 km/h or a 4:17 mile pace)(17).

Sleep efficiency
The Sensewear Pro 2 Armband measures sleep efficiency (SE) by calculating sleep time
as percentage of lying down time. Sleep/wake is assessed per minute. In a recent study
by O’Driscoll, the authors compared the Senswear Pro 3 with polysomnography (PSG).
They conclude that the Sensewear was reliable for determining sleep, but was not reli‐
able for determining wakefulness. This reduces its ability to determine sleep versus
wake when SE decreases and thus the SE measurement is less reliable than PSG (18).

Epworth Sleepiness Scale
The Epworth Sleepiness Scale (ESS) (19) is a simple questionnaire consisting of 8 ques‐
tions on how likely a person is to fall asleep in 8 different situations. These questions
generate a numerical score from zero (0) to 24. A score below 10 indicates that the
person has an average daytime sleep propensity, a score of ten or higher indicates an
above normal sleep propensity, which may for instance be related to the presence of
sleep apnea.

Obesity treatment programme
All subjects were enrolled in the commercial obesity treatment programme. This pro‐
gramme consists of an 18‐month multi‐disciplinary programme targeting lifestyle modi‐
fication. The programme includes a physical activity programme, psychological counsel‐
ing and nutritional advice to promote a healthy lifestyle. For the physical activity part
there is one group sport session (Nordic walking, swimming or medical training thera‐
py) a week and the subjects are encouraged to implement two additional exercise ses‐
sions in their weekly routine. The psychological and nutritional group meetings are
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scheduled once a week initially, with individual meetings every two to four weeks, de‐
pending on the individual needs. In the course of the program the number and fre‐
quency of the group meetings is redefined, based on the individual subject’s require‐
ments and developments.

Statistical analysis
To analyze the effect of treatment on glucose tolerance, body weight and composition,
physical activity and sleep, repeated measures ANCOVA was used. Baseline values were
compared to the values after 3 and 6 months of treatment. An explorative stepwise
multiple linear regression analysis was performed to elucidate the contributions of
changes in body weight, physical activity, sleep efficiency and EDS to the change in
glucose tolerance after 6 months. The significance threshold was set at p ≤ .05.

Results
At the 6 months measurement there were only 33 subjects left from the initial 60 (Fig‐
ure 1). The changes over the 3 and 6 months period will be reported for the subjects
that did not drop out of the study (N=33).

Figure 1: Flowchart of subjects from baseline to 6 months
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Baseline characteristics
Of these 33 subjects 66.7% was female. The subjects could be distributed among the
following BMI categories: BMI 30‐35 (31.3%); BMI 35‐40 (21.9%); BMI > 40 (46.9%).
60% had normal glucose tolerance (NGT) and 40% had impaired glucose tolerance
(IGT). Only 2 of the 60 subjects had an EDS score ≥ 10. Time spent in light activity (>1 to
<3 MET) was 288 ± 97 min/day, in moderate activity (> 3 to < 6 MET) was 68 ± 46
min/day and vigorous activity (> 6 MET) was 1 ± 3 min/day.
Mean ± SD values of the tested variables at baseline can be found in Table 1. No signifi‐
cant differences between completers and drop‐outs were found at baseline.
Table 1: Baseline characteristics and changes from baseline after 3 and 6 months of treatment (mean (CI,
confidence interval)).
Baseline
Variable

N

Mean ± SD

3 months

6 months

N**

Mean (CI)

P‐value*

Mean (CI)

P‐value*

Age (years)

33

42.7 ± 12.3

Height (cm)

33

172 ± 1.0

Weight (kg)

33

118.1 ± 23.8

32

‐8.7
(‐10.6 to ‐6.7)

< 0.001

‐11.1
(‐13.5 to ‐8.6)

< 0.001

BMI (kg/m )

2

33

40.0 ± 7.3

32

‐2.9
(‐3.6 to ‐2.3)

< 0.001

‐3.8
(‐4.6 to ‐2.9)

< 0.001

WC (cm)

33

124 ± 15.6

32

‐6.5
(‐7.8 to ‐5.1)

< 0.001

‐10.8
(‐12.7 to ‐8.9)

< 0.001

Body fat (%)

31

46.7 ± 6.8

29

‐4.3
(‐5.3 to ‐3.3)

< 0.001

‐4.7
(‐5.9 to ‐3.5)

< 0.001

Fat mass (kg)

31

54.1 ± 12.6

29

‐8.8
(‐10.5 to ‐7.1)

< 0.001

‐10.2
(‐12.3 to ‐8.1)

< 0.001

Fasting glucose
(mmol/L)

33

5.0 ± 0.9

31

‐0.1
(‐0.5 to 0.3)

0.648

0.6
(0.3 to 0.8)

< 0.001

2h glucose
(mmol/L)

33

8.2 ± 3.0

31

‐1.2
(‐2.2 to 0.2)

0.017

‐0.8
(‐1.5 to 0.0)

0.042

SE (%)

33

81.8 ± 6.9

27

‐1.7
(‐3.3 to ‐0.1)

0.035

‐1.5
(‐3.3 to 0.3)

0.095

ESS

33

3.4 ± 2.7

32

‐0.3
(‐0.8 to 0.3)

0.337

‐0.5
(‐1.1 to 0.1)

0.078

PA (min/day)

33

69 ± 49

27

30
(7 to 53)

0.011

9
(‐8 to 26)

0.273

* Analysis by repeated measures ANOVA.
** Number of subjects that had baseline, 3 and 6 months measurements for the analyzed variables in the
repeated measures ANOVA.
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Post‐treatment characteristics
After 3 months of treatment weight, BMI, WC, %BF and fat mass (all values P at least <
0.001) were significantly reduced. These improvements were sustained at 6 months (all
values P at least < 0.001)). Glucose tolerance, presented as 2h glucose concentration,
improved significantly after 3 months and showed a slight rebound at 6 months, but
was still significantly improved compared to baseline. At the 3 months OGTT measure‐
ment, 4 of the initial 13 IGT subjects transitioned to NGT. This number was unchanged
at 6 months.
SE was significantly reduced within the first 3 months compared to baseline. At 6
months this reduction was no longer statistically significant. PA increased after the first
3 months, but this improvement was not seen after 6 months of treatment. The EDS
score showed no significant changes (Table 1).

Linear regression analysis
To explore the independent contributions of the changes in weight, PA, SE and EDS to
the changes in 2h glucose concentration over the 6 months treatment period, a back‐
ward stepwise multiple linear regression analysis was performed.
This resulted in the following final model:
Δ0‐62h glucose (in mmol/L) = intercept + β1*Δ0‐6weight (in kg) + β2*Δ0‐6PA (in min/d),
with: intercept = 0.867; β1 = 0.390 (p= 0.021) and β2 = ‐0.322 (p= 0.049).
The partial regression plots for changes in weight (Figure 2A) and changes in PA (Figure
2B) show that the changes in weight and PA account for a total of 27% (weight: 16%;
PA: 11%) of the variation in the change in 2h glucose concentration. Adding the base‐
line 2h glucose value to the model did not influence the outcome.
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Figure 2A: Partial linear regression plot of the change in 2h glucose value and the change in weight.

Figure 2B: Partial linear regression plot of the change in 2h glucose value and the change in PA.
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Discussion
This commercial lifestyle modification programme significantly reduced weight, BMI,
WC, %BF and fat mass and improved glucose tolerance after 3 months of treatment.
For the anthropometric measurements, further improvements were found at 6 months
of treatment. Glucose tolerance did not show further improvements, but was still sig‐
nificantly improved compared to baseline after 6 months. PA significantly increased in
the first 3 months, but this increase disappeared again onto the 6 months mark. Sleep
efficiency was significantly reduced in the first 3 months but no longer after 6 months
of treatment. The main finding of this study was a positive association between the
changes in physical activity with the changes in glucose tolerance, independent of
changes in weight. We found no association between changes in sleep quantity and
quality and changes in glucose tolerance. To date, this is the first study reporting such
finding in an extremely obese population.
At baseline, 47% of the subjects had a BMI > 40 kg/m 2 which makes them eligible
for bariatric surgery (20). 40% had impaired glucose tolerance (IGT). SE at baseline was
comparable with reports from other studies in diabetics (12) and moderately obese (15)
subjects, with 41% of our subjects having a SE in the normal range of > 85%. On aver‐
age, the subjects in our study performed moderate to high intensity (> 3 MET) PA for 69
min/day. This is considerably less than the moderately obese (BMI approximately 32
kg/m2) subjects in a recent study by Scheers et al (21). These subjects performed 127
min/day of moderate to high intensity PA (21).
Average percentage weight loss during the first 3 months is higher in our study
(7.3%) compared to large population studies of other commercial treatment pro‐
grammes (4‐5%) (22‐25). Percentage weight loss at 6 months also exceeds previous
reports of other commercial treatment programmes (9.4% vs. 4.6 to 5.1%) (26, 27).
31% of the initial 13 IGT subjects transitioned to NGT during the 6 months treatment.
Physical activity (> 3 MET) increased with 30 min/day in the first 3 months, but at 6
months this increase was only 9 min/day compared to baseline. When looking at the
advice given by the treatment centre (1 obligatory and 2 self‐implemented exercise
sessions per week for an approximate total of 180 minutes), the increase of 30 min/day
in the first 3 months is just above the given advice (180 minutes per week = 26
min/day). The difference of 9 min/day at 6 months compared to baseline could mean
that the subjects only attended the obligatory exercise session (60 minutes per week =
9 min/day). The 3 months measurement was mainly done in the summer, whereas the
6 months measurement was executed during winter. Therefore, seasonal variation in
leisure time physical activity could also be an explanation for the decrease in PA at the
6 months measurement compared to the 3 months measurement. Data on seasonal
variation in PA have been reported by Pivarnik et al. (28). They report that in winter
compared to summer, their participants perform fewer exercise sessions per week and
the sessions have a shorter duration.
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The most interesting finding of this study was the association between the change
in glucose tolerance and the changes in weight and PA, whereas no association with
changes in SE or EDS was found.
Previous studies by Katzel et al have shown that weight loss but not aerobic exercise
improved glucose tolerance in obese men after 9 months of weight loss vs. exercise (29,
30). Weight loss in these studies was comparable with our findings. There have been
studies reporting on exercise‐induced improvements in glucose tolerance (31, 32). But
the subjects in these studies were overweight and had abnormal glucose regulation
(32) and/or were at high risk for CVD (31). The results from the above named studies
show that weight loss and exercise can independently improve glucose tolerance. But,
we did not find a comparable study that shows an independent effect of physical activi‐
ty on glucose tolerance in a lifestyle modification programme where significant weight
loss is achieved in severely obese subjects.
We did not find an association between changes in glucose tolerance and changes
in SE or EDS. This may be due to the fact that there was no significant improvement in
SE and EDS. EDS was within normal values (score < 10) during the whole study period,
we therefore conclude that EDS is not a big issue in this sample. Also, SE was signifi‐
cantly reduced at 3 months compared to baseline. Our hypothesis was that SE would
improve with weight loss but maybe the weight loss was not large enough. Kalra et al.
(33) found a significant improvement in SE after surgical weight loss of 66.4 ± 8.8 kg.
This study has some limitations. First we experienced a large drop‐out of 45%. This is
due to subjects not wanting to continue with the study, but also some subjects dropped
out of the treatment programme and were therefore not eligible for inclusion in our
study. In 5 subjects PA and SE was not measured correctly, probably because subjects
did not clean the electrodes on the device. These electrodes can become obstructed by
sebaceous matter and therefore fail to conduct signals from the skin of the arm. When
cleaned properly every evening this is no problem, but some subjects forgot to do this.
In 3 subjects we were not able to measure %body fat and fat mass with the bio‐
impedance scale, because of a %body fat > 55%, the upper detection limit of the bio‐
impedance scale. Only 1 subject missed the 3 months measurement, but was present at
the 6 month measurement, hence the missing weight, BMI and WC data.
We can conclude that this commercial lifestyle modification programme significant‐
ly reduced weight, waist circumference, %body fat and fat mass and improved glucose
tolerance after 3 and 6 months of treatment. The improvement in glucose tolerance
was partly explained by the changes in weight and PA, but not by SE or EDS.
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Abstract
Background: Success of losing weight is determined by genetic factors, which may differ
according to treatment strategy. Genetic predisposition to weight loss by multidiscipli‐
nary treatment involving dietary advice, psychological counseling and increased physi‐
cal activity has not been studied before.
Methods: From a local commercial obesity treatment center (CO‐EUR, Heerlen, The
Netherlands) 587 subjects (68% female; 46.1±12.4 y; BMI 39.9±6.3 kg/m2) were recruit‐
ed. At baseline a blood sample was drawn for isolation of DNA. Genotypes were deter‐
mined for 30 polymorphisms in 25 candidate genes. At baseline and during the treat‐
ment program a body weight measurement was scheduled every 3 months. The associ‐
ation between genotypes, grouped according to the best inheritance model, and
weight loss was assessed after 3 months of treatment (short‐term) and after 12 months
of treatment (long‐term). For these analyses weight loss was categorized as ≥ 5% of
initial weight or < 5% of initial weight.
Results: The G/G genotype of PLIN1 (rs2289487) and PLIN1, (rs2304795) (OR 1.92 and
OR 1.75), the T/T genotype of PLIN1 (rs1052700) (OR 1.72) and the C/C genotype of
MMP2 (OR 1.83) predicted high weight loss in the first three months. The C/C genotype
of PPARG (rs1801282) and the T/C genotype of TIMP4 (rs3755724) predicted high
weight loss after 12 months. Subjects with the C/G‐G/G genotype compared to the C/C
genotype of PPARG (rs1801282) lost significantly more weight during the 12 month
treatment. Subjects with the combination of PPARG (rs1801282) C/G‐G/G and TIMP4
(rs3755724) T/C lost even more weight.
Conclusion: Polymorphisms in genes related to regulation of fat storage and structural
adaptation of the adipocytes are predictors for weight loss with different genes being
relevant for short term and the long term weight loss. Combined genotype analysis
shows interaction between the fat storage and adipocyte structural adaptation pro‐
cesses during weight loss.
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Introduction
Obesity is a multifactorial trait influenced by various environmental factors such as
lifestyle and diet, but also by genetic background. Treating people suffering from obesi‐
ty with lifestyle advice is a challenge, because responses to treatment may vary strong‐
ly. Weight loss maintenance and continuation of a modified lifestyle are the greatest
challenges, where some turn out to be more successful than others.
In this respect, research has been performed to identify predictors of weight gain,
weight loss and weight loss maintenance (1), because those predictors could make
obesity treatment more specific for each individual. This revealed the influence of life‐
style‐related predictors like initial body weight/BMI, physical activity level and self‐
monitoring (2). But also genetic predisposition has been suggested to play a part in this
challenge of weight loss and weight maintenance (3) as several gene‐loci have been
found to be associated with BMI and body weight regulation (4‐7). The etiology of obe‐
sity is complex and predisposing genes may be involved in various processes ranging
from regulation of eating behavior to preadipocyte differentiation and fat storage.
Obesity is associated with hypertrophy of adipocytes demanding special adaptation by
the extracellular matrix (ECM), the outer protective layer of the cells (8). Therefore, also
variation in genes coding for components and modulators of the ECM may contribute
to the genetic background for obesity. Notably, the ECM has been proposed to be in‐
volved in the creation of adipocyte cell stress during weight loss, providing a risk factor
for weight regain (9, 10).
From previous studies, we selected 25 candidate genes and gene loci (full list in
supplementary table 1), most of which were reported by GWAS analysis (5, 11‐13).
Beside reported association with BMI or adiposity parameters, selection was based on
the function that those genes have in different aspects of weight regulation: storage of
fat in the adipocytes (PLIN1, PPARG (3, 4, 6, 7)), sympathetic regulation of fat storage
and release (ADRB2 (14)), formation of the ECM (COL4A1, COL4A2, COL6A1, COL6A2,
COL6A3, MMP2, TIMP4 (8)), hypothalamic activity/eating behavior (BNDF, CNTF, FTO,
GNDPA2, LEP, MC4R, near TMEM18, SEC16B, SH2B1 (15, 16)), whole body energy ho‐
meostasis (ADIPOQ (17)), weight regain (ACE (18)), and obesity risk in the knock‐out
mouse (GPRC5B (19)). Variation in these genes was used for analysis of genetic associa‐
tion with 3 and 12 month weight loss in severely obese subjects enrolled in a commer‐
cial lifestyle modification program. Our results indicate that some of the gene variants
are predictors of weight loss in this lifestyle‐treated cohort.
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Methods

Subjects
For this study 587 consecutive subjects from a local commercial obesity treatment
centre (CO‐EUR, Heerlen, The Netherlands, co‐eur.com) were recruited. The CO‐EUR
commercial obesity treatment programme was founded in 2008 and was a unique initi‐
ative in the Netherlands. The programme consisted of an 18‐month multi‐disciplinary
programme targeting lifestyle modification. It included a physical activity programme,
psychological counselling based on cognitive behavioural therapy (CBT), and nutritional
advice to promote a healthy lifestyle. The physical activity consisted of one group sport
session (Nordic walking, swimming or medical training therapy) per week and the sub‐
jects were encouraged to implement two additional exercise sessions in their weekly
routine. The psychological and nutritional group meetings were scheduled once a week
initially, with individual meetings every two to four weeks, depending on individual
needs. In the course of the program the number and frequency of group meetings was
redefined, based on the individual subject’s requirements and developments. The goal
of the program was to achieve lifestyle modification resulting in long‐term weight loss.
Subjects were at least 18 years old and had a BMI > 30 kg/m2. The study protocol and
informed consent document were approved by the Medical Ethical Committee of
Maastricht University. All subjects gave written informed consent before being enrolled
into the study.

Study protocol
At baseline, before the start of the obesity treatment program, a blood sample was
drawn for isolation of DNA. At baseline and during the 18 months treatment program a
body weight measurement was scheduled every 3 months. This was performed using a
digital scale (Omron HBF‐500E, Omron Healthcare Europe) to the nearest 0.1 kg.

DNA isolation and variation selection and genotyping
Blood was drawn from a forearm vein into an EDTA‐containing tube (BD Vacutainer, 10
ml). The buffy coat was obtained by centrifugation (5°C, 3000 rpm, 10 min) and stored
at ‐80°C until analysis. Genomic DNA was isolated from peripheral blood leukocytes in
the buffy coat using a QIAamp kit (QIAgen, Amsterdam, The Netherlands). Genotypes
of 25 genes were determined using TaqMan allelic discrimination (Applied Biosystems,
Foster City CA, USA) and competitive allele‐specific PCR (KASP, LGC, Teddington, UK) by
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Kbioscience (Hoddeston, UK). The full list of the 25 genes with the 30 variation identifi‐
ers as well as the allele frequencies and Hardy‐Weinberg values (chi‐square test) can be
found in supplementary table 1. For PLIN1 rs2289487 the results from the genotyping
assay were obtained as the forward ‘A’ and ‘G’ alleles, but in the text we have used the
reverse annotation ‘T’ and ‘C’ in line with previous scientific publications.

Data handling and statistical analysis
Allelic and genotype frequencies were calculated. All polymorphisms were in Hardy‐
Weinberg equilibrium (supplementary table 1). For each variant the best inheritance
model was chosen using SNPStats (20). SNPStats is publicly available at
http://bioinfo.iconcologia.net/snpstats. The association between genotypes, grouped
according to the best inheritance model, and weight loss was assessed after 3 months
of treatment (N = 558) and after 12 months (N = 275) of treatment. For these analyses
weight loss was categorized as ≥ 5% of initial weight (high weight loss) or < 5% of initial
weight (low weight loss). This cut‐off level was chosen because a ≥ 5% weight loss is
associated with a meaningful improvement of health in obese individuals (21, 22).
Binary logistic regression analysis was used to determine the odds for ≥ 5% weight loss
of the genotypes. For SNPs of the four genes showing association with ≥ 5% weight loss,
weight loss trajectories over 12 months were calculated and compared by mixed model
analysis of variance. For these genes we also analyzed the weight loss trajectories of
combinations for two genes comparing the genotypes showing the most beneficial
effect on weight loss with all other combinations of the genotypes of the two genes.
For finding relevant associated SNPs, an odds ratio with a 95% confidence interval devi‐
ating from unity and a P‐value <0.05 was considered as significant. Our final results
were checked against a corrected P‐value of 0.002 for statistical significance. Statistical
analyses were performed using the SPSS v20.0 statistical software (IBM, Armonk, NY,
USA).

Results

Predictors of 3 months of weight loss
558 out of 587 subjects had a body weight measurement after 3 months of treatment,
336 (60%) had a weight loss <5% and 222 (40%) a weight loss ≥ 5%. The high weight loss
group was significantly older and had a lower BMI at baseline than the low weight loss
group (table 1). Odds ratios for ≥ 5% weight loss with a 95% confidence interval deviat‐
ing from unity were found for 4 SNPs in 2 of the 25 genes (PLIN1 (3 SNPs) and MMP2).
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Subjects with the C/C genotype of PLIN1 rs2289487 were 1.9 times more likely to be in
the high weight loss group than subjects with the T/T‐T/C genotype (table 2). Subjects
with the G/G genotype of PLIN1 rs2304795 were 1.8 times more likely to be in the high
weight loss group than subjects with the A/A‐G/A genotype and subjects with the T/T
genotype of PLIN1 rs1052700 were 1.7 times more likely to be in the high weight loss
group than subjects with the A/A‐T/A genotype (table 2). Furthermore, subjects with
the C/C genotype of MMP2 rs1132896 were 1.8 times more likely to be in the high
weight loss group than subjects with the G/G‐G/C genotype (table 2).
Table 1. Baseline characteristics of subjects with ≥ 5% or < 5% weight loss at 3 or 12 months.
3 months

< 5% weight loss

≥ 5% weight loss

Pgroup

N (%male)

336 (32.4)

222 (30.2)

0.575

Age

45.0±12.7

48.0±11.7

0.004

BMI

38.9±6.4

36.9±5.7

<0.001

N (%male)

97 (28.9)

178 (38.2)

0.122

Age

44.5±11.6

48.4±11.7

0.008

BMI

39.9±6.5

34.4±5.6

<0.001

12 months

Data presented as mean±SD; Pgroup is the P‐value for the difference between the < 5% and ≥ 5% weight loss
groups.
Table 2. Results of binary logistic regression analysis with 3 and 12 month weight loss as dependent variable
(< 5% weight loss is reference) and the genotypes as independent variables.
Gene

rs number

Genotype/Model

rs2289487

C/C vs T/T‐T/C

Odds ratio
(95% CI)

P‐value

1.92 (1.17‐3.13)

0.009

3 months
PLIN1

3
3

PLIN1

rs2304795

G/G vs A/A‐G/A

1.75 (1.10‐2.79)

0.018

PLIN1

rs1052700

T/T vs A/A‐T/A

3

1.72 (1.04‐2.82)

0.033

MMP2

rs1132896

C/C vs G/G‐G/C

3

1.83 (1.13‐2.96)

0.014

rs1801282

C/C vs C/G‐G/G

1

2.03 (1.07‐3.87)

0.025

rs3755724

2

2.03 (1.21‐3.41)

<0.001

12 months
PPAR gamma
TIMP4
1

2

T/C vs C/C‐T/T

3

Dominant; Overdominant; Recessive

Predictors of 12 months of weight loss
275 out of 587 subjects had a valid 12 months measurement. 97 of these subjects (35
%) had low (<5%) weight loss and 178 subjects (65%) had high (≥5%) weight loss. The
high weight loss group was significantly older and had a lower BMI than the low weight
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loss group (table 1). Odds ratios for ≥ 5% weight loss with a 95% confidence interval
deviating from unity were found for 2 SNPs in 2 of the 25 genes (PPARG and TIMP4).
Subjects with the C/C genotype of PPARG rs1801281 were 2.0 times more likely to be in
the high weight loss group than subjects with the C/G‐G/G genotype (table 2). For
TIMP4 rs3755724, subjects with the T/C genotype were also 2.0 times more likely to be
in the high weight loss group than subjects with the C/C‐T/T genotype (table 2).

Mixed model analysis for weight changes
In the 275 subjects with a weight measurement after 12 months of treatment we ana‐
lyzed the weight change trajectories for the genotypes that were associated with dif‐
ferences in weight loss at 3 or 12 months. In table 3 the outcomes of the mixed model
analysis for the mean weight change over 12 months of treatment are shown for the
various genotypes. Only subjects with the C/G‐G/G genotype compared to the C/C
genotype of PPARG rs1801282 showed significantly more weight loss during the treat‐
ment program (p=0.027) (figure 1 and table 3). PLIN1 rs2289487 genotype C/C vs. T/T‐
T/C and PLIN1 rs1052700 genotype T/T vs. A/A‐T/A showed both a trend towards high‐
er weight loss (p=0.059 and p=0.077, respectively) (table 3). We also paired the geno‐
types associated with better odds of ≥ 5 % weight loss from PLIN1 rs2289487, MMP2
rs1132896, PPARG rs1801282 and TIMP4 rs3755724 and compared them to all other
genotype combinations. Subjects with PPARG rs1801282 C/G‐G/G and TIMP4
rs3755724 T/C showed significantly higher weight loss than subjects with all other gen‐
otype combinations (P<0.001) (figure 2). Subjects with PLIN1 rs2289487 C/C and MMP2
rs1132896 C/C showed a trend towards higher weight loss over the 12 months treat‐
ment period compared to all other genotype combinations (p=0.093, data not shown).
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Table 3. Estimates of mean weight change (mean and 95% confidence interval) per genotype over 12 months
of treatment (N = 275).
Gene

rs number

Genotype

PLIN1

Rs2289487

PLIN1

Difference (%)

P‐value

C/C (N=39)
‐9.3 (‐11.2 to ‐7.5)
T/T‐T/C (N=234) ‐7.4 (‐8.2 to ‐6.7)

‐1.9 (‐3.9 to 0.1)

0.059

Rs2304795

G/G (N=38)
‐6.7 (‐8.8 to ‐5.1)
A/A‐G/A (N=230) ‐7.9 (‐8.6 to ‐7.1)

0.9 (‐1.1 to 2.9)

0.378

PLIN1

Rs1052700

T/T (N=42)
‐9.1 (‐10.9 to ‐7.4)
A/A‐T/A (N=232) ‐7.4 (‐8.1 to ‐6.6)

‐1.7 (‐3.7 to 0.2)

0.077

MMP2

Rs1132896

‐8.2 (‐9.9 to ‐6.4)
C/C (N=43)
G/G‐G/C (N=227) ‐7.6 (‐8.3 to ‐6.8)

‐0.6 (‐2.5 to 1.3)

0.578

PPAR gamma

Rs1801282

C/C (N=211)
‐7.2 (‐8.0 to ‐6.4)
C/G‐G/G (N=63) ‐9.1 (‐10.5 to ‐7.6)

1.8 (0.2 to 3.5)

0.027

TIMP4

Rs3755724

T/C (N=122)
‐8.2 (‐9.2 to ‐7.1)
C/C‐T/T (N=148) ‐7.2 (‐8.2 to ‐6.3)

‐0.9 (‐2.3 to 0.5)

0.191
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Figure 1. Weight loss during 12 months of treatment for carriers of the C/C genotype vs the C/G‐G/G geno‐
types of PPARgamma rs1801282.

Figure 2. Weight change during the 12 months treatment for the pairs of PPARgamma rs1801282 C/G‐GG and
TIMP4 rs3755724 T/C, and all other genotype combinations of PPARgamma and TIMP4.
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Discussion
In this study we have investigated the genetic predisposition to a 3 and 12 month
weight loss in subjects participating in a multidisciplinary obesity treatment program.
Genetic factors after 3 months (PLIN1, MMP2) and 12 months (PPARG, TIMP4) were
identified. The genetic variation in PPARG and TIMP4 showed a synergistic effect on
weight loss. This is, to our knowledge, the first study to report genetic and weight loss
data on such a large number of severely obese subjects undergoing a commercial mul‐
tidisciplinary treatment program.
We acknowledge that our study has some limitations. There was a high drop‐out
rate of 54% over the 12 month treatment period. Drop‐out rates are known to be a
major problem when analyzing data from obesity treatments in a real‐life setting com‐
pared to well‐controlled scientific studies (23). Therefore, the high drop‐out may have
reduced the power of our study. In order to check if drop‐out might have influenced
the allele frequencies of those who were still in at 12 months, we compared the allele
frequencies of the four polymorphismsm in the different genes between the total
group, the group at 12 months and the drop‐outs, but we found no significant differ‐
ence. Instead of using multiple test correction, we looked for associations by scoring if
the 95% confidence intervall was different from unity with a value of P<0.05. Applying
multiple test‐correction would shift the border for statistical significance to P=0.002.
This would give the same final conclusions, that at 3 months an association exists be‐
tween weight loss and PLIN1, in particular in women (P=0.002, see below), and at 12
months with TIMP4 (P<0.001). For the SNPs not reaching this level of statistical signifi‐
cance, results from previous studies can confirm their relevance.
Perilipin 1 (PLIN1) is a well‐characterized effector of energy and lipid metabolism
and as a lipid droplet‐coating protein it controls access to the adipocyte triglyceride
stores that supply most tissues with fuel under a negative energy balance (24). It has
been reported to play a role in body weight regulation. In a weight loss/maintenance
study of obese/overweight men and women Soenen et al. (4) found that the haplotype
of PLIN1 rs2289487 (C‐allele) and PLIN1 rs894160 (A‐allele) was related to a lower body
mass, fat mass and fat‐free mass in men at baseline and throughout the intervention.
This haplotype was also related to a better weight reduction after 12 months follow‐up
in women (4). In addition, PLIN1 rs2289487 T > C has previously been associated with a
reduced risk of obesity in Spanish women (25). In the present study we found that for
the total group the C/C genotype of PLIN1 rs2289487 predicted high weight loss in the
first 3 months, and C/C‐genotype carriers showed a trend for a higher weight loss over
12 months of treatment. Since from other studies it is clear that there is a sex‐
difference in the association between weight loss and PLIN1 SNPs, we decided to test
for association with PLIN1 rs2289487 separately among females and males. At 3
months, the C/C genotype of this SNP of the PLIN1 gene showed significance as a pre‐
dictor for high weight loss in females (P=0.002; OR 1.41‐4.85). At 12 months there is a
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trend for high weight loss (P=0.07; OR 0.89‐6.14). As such our findings are in line with
the studies done by others.
The variation in the PLIN1 gene rs2289487 is in linkage disequilibrium with
rs1052700 (4). Therefore it is not surprising that these polymorphisms give almost the
same results. For rs1052700 the T/T genotype predicted high weight loss after 3
months and T/T genotype carriers showed a trend for higher weight loss over 12
months of treatment. Soenen et al. (4) reported that men with the T/T genotype com‐
pared to the A/A‐T/A genotype had a significantly lower weight, fat mass and fat‐free
mass at baseline and throughout the intervention, whereas women with the T/T geno‐
type had a significantly lower plasma leptin level. In other studies the analysis of weight
loss and obesity risk in T‐allele carriers of PLIN1 rs1052700 showed a lower obesity risk
in women (26) and a higher weight loss after a weight‐loss intervention in children and
adults (27, 28), although one study reported a higher obesity risk in women (29). Our
results are in accordance with the data from most of these studies.
For yet another polymorphism in the PLIN1 gene, rs2304795, the G/G genotype
was found to be associated with higher odds for high weight loss at 3 months, but no
relation with weight loss over a period of 12 month treatment was observed, which
complies with absence of linkage disequilibrium between this polymorphism and the
other two tested SNPs in the PLIN1 gene. In the study by Soenen et al. (4) it was ob‐
served that the G‐allele in a haplotype with the A allele of PLIN1 rs2304796 was associ‐
ated with a significantly larger reduction of fat mass and fat percentage, but only in
female subjects. In two studies performed by Qi et al. regarding PLIN1 gene polymor‐
phisms, PLIN1 rs2304795 was associated with higher obesity risk in women (26, 29). In
our study there is only a trend at 3 months for women with the G/G genotype of this
SNP of the PLIN1 gene to have lower odds for high weight loss (p=0.07; OR 0.11‐1.16).
Lower odds for high weight loss could be interpreted as a higher obesity risk, which
would comply with the studies by Qi et al.
Matrix metalloproteinases (MMPs) are essential for extracellular matrix (ECM)
remodeling. The remodeling of the adipocyte ECM occurs during the development and
growth of the fat depot (10), but probably also when adipocytes shrink under condi‐
tions of calorie restriction (9). The results from our study indicate that MMP2
rs1132896 (C/C genotype) is a predictor for high weight loss at 3 months. In a recent
study on long term weight development, the C‐allele was found to be associated with
risk for weight gain in women (30). In a study among Koreans, the C‐allele of MMP2
rs1132896 was found to increase the risk for the development of obesity (31). It sug‐
gests that the C‐allele is representing a form of MMP2 that provides higher flexibility to
the adipocyte ECM both under requirements of cell shrinkage or cell growth.
Two polymorphisms had odds for better weight loss at 12 months of treatment:
TIMP4 rs3755724 (T/C genotype) and PPARG (C/C genotype). Like MMPs, tissue inhibi‐
tors (TIMPs) are also active during adipose tissue remodeling (10). To the best of our
knowledge this is the first report of a relation between TIMP genetic variation and

125

GENETIC PREDICTORS FOR HIGH WEIGHT LOSS

weight loss. No association with mean weight loss over 12 months was observed (table
3). PPARG is known to have a role in adipocyte differentiation, lipid metabolism and
glucose homeostasis. It also controls the expression of adiponectin, resistin, leptin and
tumor necrosis factor α (TNF‐α) secreted from adipose tissue (32). For rs1801282, a C/G
SNP also known concerning the protein as Pro12Ala (33) we found that at 12 months
subjects with the C/C genotype are at higher odds for high weight loss than subjects
with the C/G‐G/G genotype, and the G‐allele carriers showed a higher loss of relative
body weight over the 12 month treatment period. G‐allele carriers have slightly higher
baseline body weight (+0.7 kg) as compared to subjects with the C/C‐genotype. These
findings are in accordance with a meta‐analysis showing that carriers of the Ala12 allele
had a higher average BMI (34), and also with the study of Delahanty et al. (3), who
found that 6 months and 2 years weight loss was associated with the minor Ala12 allele
of the PPARG gene. Bozina et al. (35) found that carriers of the Pro12Ala (C/G) or
Ala12Ala (G/G) genotype had greater odds for obesity, but this was in a specific sub‐
sample with the angiotensin converting enzyme (ACE) DD‐genotype.
Interestingly, both the 3 month and 12 month analyses provide evidence on the
involvement of the same processes in the genetic predisposition to weight loss by die‐
tary and lifestyle advice, i.e. fat storage in adipocytes (PLIN1 and PPARG) and adipose
tissue remodeling (MMP2, TIMP4). Variation in genes involved in other processes like
the sympathetic nervous system (ADRB2, CNTF), hypothalamic regulation of eating
behavior (BNDF, FTO, LEP) or peripheral energy metabolism (ACE, ADIPOQ) did not
show associations. It indicates that the capacity to lose weight in the investigated co‐
hort depends largely on the (genetically determined) performance to preserve the
stored fat and on the structural flexibility of the adipocytes. Those characteristics may
also be reflected in a lower baseline BMI for the high weight loss group at 3 and 12
months. In vivo, regulation of fat storage and structural adaptation of the adipocytes
are expected to be linked processes. Here we found with the mixed model analysis for
mean weight change over the 12 months period that subjects with the combination of
the genotypes associated with higher weight loss of PPARG and TIMP4 (PPARG
rs1801282 C/G‐G/G and TIMP4 rs3755724 T/C) showed significantly higher weight loss
than all other genotype combinations (P<0.001), and a trend for combining SNPs of
PLIN1 and MMP2 (P=0.09). This synergistic effect seems to confirm that both processes
are interacting and determine the success of weight loss.
In conclusion, weight loss of severely obese subjects by dietary advice, psychologi‐
cal counseling and increased physical activity in real‐life conditions depends on genetic
background. Relevant genetic variation relates to genes involved in adipocyte fat stor‐
age and structural adaptation of the adipocytes during fat reduction. These findings can
be of importance when searching for explanations regarding treatment success or fail‐
ure.
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Supplementary table 1 complete list of tested SNPs
Gene

Rs number

Alleles

Frequency

HWE
p‐value

ACE

rs4340

DEL/INS

0.52/0.48

0.4

ADIPOQ

rs17300539

G/A

0.92/0.08

0.81

ADIPOQ

rs266729

C/G

0.75/0.25

0.34

ADRB2

rs1042713

G/A

0.62/0.38

0.44

BDNF

rs10767664

A/T

0.8/0.2

0.71

CNTF

rs1800169

G/A

0.83/0.17

0.13

COL4A1

rs3742207

T/G

0.64/0.36

0.36

COL4A2

rs9580500

T/C

0.54/0.46

1

COL6A1

rs1053312

G/A

0.68/0.32

1

COL6A2

rs2839110

A/G

0.81/0.19

0.33

COL6A3

rs2270669

G/C

0.77/0.23

0.5

FTO

rs9939609

T/A

0.61/0.39

0.37

FTO

rs1558902

T/A

0.6/0.4

0.53

LEP

rs4731426

C/G

0.57/0.43

0.9

MMP2

rs1132896

G/C

0.62/0.38

0.3

Near GNPDA2

rs10938397

A/G

0.57/0.43

0.32
0.55

Near GPRC5B

rs12444979

C/T

0.89/0.11

Near MC4R

rs571312

C/A

0.67/0.33

0.78

Near PRKD1

rs11847697

C/T

0.94/0.06

0.61

Near TMEM18

rs2867125

C/T

0.87/0.13

0.44

PLIN1

rs2289487

A/G

0.6/0.4

0.38

PLIN1

rs2304795

A/G

0.64/0.36

0.35

PLIN1

rs1052700

A/T

0.6/0.4

0.71

PPARG

rs1801282

C/G

0.87/0.13

0.4

PPARG

rs41423247

G/C

0.62/0.38

0.12

QPCTL

rs2287019

C/T

0.81/0.19

0.33

SEC16B

rs543874

A/G

0.78/0.22

1

SH2B1

rs7359397

C/T

0.61/0.39

0.52

SLC39A8

rs13107325

C/T

0.94/0.06

0.52

TIMP4

rs3755724

C/T

0.65/0.35

0.89
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Introduction
Obesity is one of the major health‐related problems of modern time (1). The multi‐
factorial aspect of obesity causes the treatment to be also multi‐factorial. As not all
humans are alike, finding the appropriate treatment for different patient characteristics
is very important. In this thesis we aimed to give insight into factors that influence body
weight, like dietary and genetic factors. The main body of this thesis consists of the
evaluation of (conventional) treatment strategies and how they influence obesity and
obesity‐ related co‐morbidities. One of the goals of research concerning the treatment
of obesity is finding predictors for long‐term weight loss. These parameters could be
used in a model to predict treatment outcome before or after an early stage of the
treatment. Such a prediction could aid in finding the most optimal treatment strategy
for a specific patient.
In this last chapter we discuss and elaborate on the main findings of this thesis, this
is done according to the ‘usual’ treatment strategies in conventional obesity treatment.
The role of genetic factors will also be touched upon. Recommendations for further
research are addressed in each part of the discussion and at the end we present a con‐
clusion.

Physical activity
Our study regarding the influence of physical activity on glucose tolerance revealed that
in severely obese patients, an increase in physical activity can lead to significant im‐
provements in glucose tolerance, independent of changes in body weight. Our study is
the first to show such an effect in severely obese subjects. The beneficial effects of
physical activity on cardiometabolic risk factors are well established. Exercise lowers
blood pressure (2) and blood lipids (3) and increases insulin sensitivity (4). But such
results are often produced under well controlled circumstances and the achieved
(short‐term) results, are often not well maintained when support is withdrawn after the
intervention period (5, 6). It is therefore important, that people at risk find the motiva‐
tion to perform regular leisure time physical activity on their own.
How much physical activity is needed to produce health benefits? A large scale
study showed that leisure time physical activity of 3 to 5 times the minimum recom‐
mended amount (the minimum recommended amount being 150 minutes of moderate
intensity or 75 minutes of vigorous intensity aerobic activity weekly) is associated with
a near maximum longevity benefit (7). This study also underlines that already a modest
amount of activity, the minimum recommended amount, provides substantial benefit
with respect to postponing mortality in the general population (7). For the severely
obese however, finding the strength and motivation to initiate leisure time physical
activity and exercise can be quite a burden. Physical complaints when exercising (knee
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pain, back pain etc) can mean a setback and a demotivation. Within our study of partic‐
ipants in the CO‐EUR treatment programme (chapter 5), already a modest increase of
30 min/day of moderate physical activity was associated with a significant improve‐
ment in glucose tolerance. This was the recommended amount of physical activity with‐
in the CO‐EUR treatment programme eg. 1 group session at the treatment centre and
participants were encouraged to implement two additional exercise sessions in their
weekly routine. Exercise sessions should last approximately 60 minutes. This amounts
to 180 minutes per week or 25 min/day. With respect to the amount of physical activi‐
ty that has to be performed to prevent the transition from overweight to obesity, the
International Association for the Study of Obesity recommends at least 45–60 min/day
of moderate activity, and to prevent weight regain 60–90 min/day of moderate activity
is required in formerly obese individuals (8). So for weight maintenance it is recom‐
mendable to strive for 60 min/day rather than the 30 min/day recommended in the CO‐
EUR treatment programme. Getting obese people motivated to become more active
should be a cornerstone of every treatment programme. This can be done by starting
slowly and working on the motivation to become more active. Making active choices,
parking the car a bit further away, taking the stairs instead of the elevator, already
makes a good start and allows habituation to being more active and/or the formation
of active habits (9).
From the above we can conclude that physical activity within a multidisciplinary
obesity treatment programme, improves cardiometabolic health and can aid in weight
loss maintenance. Adherence to the physical activity part in a multidisciplinary treat‐
ment programme, might be one of the predictors of long‐term weight loss maintenance
and could therefore be a part of a prediction model. When adherence during treatment
is high, this could mean that the implementation of regular physical activity has suc‐
ceeded and that the patient is likely to continue this behaviour after active treatment.
As adherence data is available from the CO‐EUR database, this could be a focus of fu‐
ture research.

Diet
The habitual diet is a powerful player in the treatment of obesity and its health related
co‐morbidities. Weight gain occurs when there is more energy intake, than energy
expenditure. The easiest way to regulate this is to consume fewer calories. Diets that
reduce energy intake can be a good way to promote weight loss, but the results are
mostly short‐term, and the majority of lost weight is often regained within a year (10).
In our review on starches, sugars and obesity in chapter 2, we concluded that resistant
starch and slowly digestible starch are attractive dietary targets for weight gain preven‐
tion and weight loss diets. The much promoted ‘light’ drinks containing artificial sweet‐
eners instead of natural sweeteners may lead to caloric compensation that might even
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reverse the original benefit of the ‘light’ drink, but the evidence on this matter is incon‐
clusive (11). Increasing the protein content of the diet can also help in weight loss
maintenance (12‐15). Our analysis of the 12 month weight loss maintenance results
from two centres in the Diogenes trial (chapter 3), revealed that a modest increase in
dietary protein content (~7% of total energy intake) in the context of an ad libitum, diet
during 12 month after diet‐induced weight loss reduced weight regain by 2 kg com‐
pared to the lower protein groups. Also, the higher protein groups regained less fat
mass than the lower protein groups.
But despite all research on this subject and the efforts of obese people, weight loss
maintenance is still very difficult. The adherence to diets in the long term is minimal.
Even in the absence of metabolic requirements people seem compelled to eat Animal
models have been developed that capture addiction‐like aspects of palatable high
fat/high sugar food consumption that can lead to weight gain. This consumption is
based largely on palatability rather than nutrient requirements, and is driven by the
availability of such foods (16‐18). In our obesogenic environment, such foods are largely
available. There is mounting evidence that overeating and obesity involves addictive
processes. Brain similarities to known addictions (19) show relationships with food and
this satisfies DSM/WHO addiction criteria (20, 21). Food craving for example has been
linked to body mass index and the consumption of these foods (22). Food cravings may
also differentiate between successful and unsuccessful dieters (23). Even after bariatric
surgery, patients report the struggle of adhering to their new diet (24). Recently, Hebe‐
brand and colleagues suggested using the term ‘eating addiction’ rather than ‘food
addiction’, in people that show overeating behaviour. The palatability of food does
play role in the likeliness for people to overeat when they show eating addiction behav‐
iour, but there is no consistent evidence that there is addictive behaviour for specific
foods (25).
Next to the psychological struggle that people experience to maintain weight after
weight loss, Mariman (26) has proposed a network of functional processes that might
contribute to the explanation of the difficulty of weight maintenance after weight loss.
This network focuses on four aspects: energy expenditure by fat‐free mass, energy
regulation by metabolic hormones, and physiologic and cellular resistance to weight
loss (26).
Therefore, the limited success of long‐term weight loss maintenance may be due to a
combination between the body’s resistance against weight loss and the psychological
struggle of changing long‐term habits. The composition of the diet can help, but is not
an all‐solving remedy.
As the diet has such a big influence on weight it would be a powerful parameter
within a prediction model for long term weight loss maintenance. At CO‐EUR a healthy
diet is promoted with increased protein and reduced fat intake, and dietary intake data
has been recorded. Since lowering fat intake and increasing protein intake can have a
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positive influence on weight loss and its maintenance, the changes in protein and fat
intake could be useful parameters within a prediction model.

Behavioural modification
Cognitive behavioural treatment (CBT) is a potent psychological treatment for eating
disorders (27). For years it has been a proven treatment for anorexia nervosa and bu‐
limia nervosa and in recent years, research has shown that it is also effective in treating
binge eating disorders (BED) (28). Obesity is often associated with a binge eating disor‐
der (29) and therefore a treatment based on CBT could reduce eating binges. But CBT
alone will not produce weight loss. It is advised that CBT should always be combined
with physical activity and an energy restricted diet if significant weight loss is a goal of
the treatment (28). In chapter 4 we reported the results of the CO‐EUR treatment pro‐
gramme, and we showed significant improvements in eating behaviour and quality of
life, accompanied by an average weight loss of approximately 10%. The psychological
part of the CO‐EUR treatment programme is mainly based on CBT. Our data is in line
with the literature that a behavioural modification programme (based on CBT) is a po‐
tent strategy to produce significant weight loss and maintenance in combination with
improvements in cardiometabolic risk factors and also improves psychological well‐
being (28, 30).
In the previous two parts of the discussion we addressed diet and physical activity
as single components of obesity treatment. They both have their positive effects as a
single treatment, but research has shown that a combination of diet and physical activi‐
ty in a behavioural modification programme is the best option for conservative treat‐
ment (30). This combination produces the best results with respect to weight loss com‐
pared to single treatment procedures.
Behavioural modification is needed to change the patients mindset towards their
eating and physical activity habits. An often heard quote from patients is “I can’t do it if
I have to watch what I eat the rest of my life”. Changing a mindset towards better eat‐
ing behaviour does not mean living on a diet the remaining part of a lifetime. Making
healthy choices and eating healthy has nothing to do with dieting. Adherence to
healthy eating habits and a physically active lifestyle is less hard when the correct
method to learn these behaviours is applied. When there are no psychological prob‐
lems laying at the basis of the (severely) overweight, such a behavioural modification
programme is a good choice.
Obesity, and especially morbid obesity, however, is often accompanied by psycho‐
logical disturbances such as depression, anxiety, poor impulse control, low self‐esteem
and impaired quality of life (31, 32). Concerning family relationships, morbidly obese
patients more frequently have a history of parental loss, parental alcoholism, marital
family dysfunction in their own lives and dis‐satisfying sexual relationships (33). To
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focus only on physical activity and diet, or even perform surgery without addressing the
psychological aspects of the obese state would be a clear mistake. A history of psycho‐
logical problems, should at least be taken when admitting someone to a treatment
programme. Often obese people are not aware of having an eating disorder, or any
other psychological problem that could form the basis of their current health status or
excess weight. Specific questionnaires could provide information on this subject at an
intake procedure, so that the treatment could be more specific to a persons needs or
the patient can be referred to a psychologist. When people are aware of the cause of
their psychological discomfort and the relation it has to their weight, they will have
better chances of weight maintenance and have a lower risk of weight regain. Elfhag
and Rössner reported that weight maintenance was associated with internal motivation
for weight reduction, social support, better coping strategies, ability to handle life
stress, self‐efficacy, autonomy, and overall more psychological strength and stability
(34). Aspects increasing the risk of regaining weight include binge eating, eating in re‐
sponse to negative emotions, stress and more passive reactions to problems (32).
From the above we can conclude that improvements in behaviour, i.e. better cop‐
ing strategies, ability to handle life stress, self‐efficacy, autonomy, and overall greater
psychological strength and stability are parameters that are important for weight
maintenance. These parameters are all measurable through existing questionnaires,
with some of them already available within the CO‐EUR database. These data can be a
valuable addition for a prediction model for long‐term weight loss maintenance.

Genes
Genetic predisposition to weight gain has been thoroughly studied in the last decade
(35). Scientists search for a genetic model that could explain the rise of the obesity
epidemic. There are many obesity‐susceptibility loci identified through genome wide
association studies like FTO, MC4R and BDNF. But all these loci together only explain a
few percentages of the variation in BMI in the general population (36, 37). In parallel
but less extensively, scientists have been searching for predictors of weight loss
(maintenance) (38). In chapter 6 we studied genetic predisposition to high or low
weight loss (maintenance). We found genetic factors associated with weight loss in
subjects participating in the CO‐EUR treatment programme. Applying genetic profiling
as a basis for patient specific treatment design is still in its infancy. The complexity of
the human body makes it very hard to predict what will happen under specific circum‐
stances. Genetic predisposition is only one of the factors and likely not the most im‐
portant one in the treatment of a multifactorial disease like obesity. Nevertheless,
knowledge of the influence of genetic predisposition on treatment success may help to
refine predictive models of treatment outcomes.
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The value of predictive models
The development of a predictive model for long‐term weight loss maintenance could be
the focus of future research. The knowledge of which parameters predict weight loss
response or non‐response among patients can be very useful in a clinical setting. Previ‐
ous studies have shown that age, sex, baseline weight, energy intake, physical activity
and early weight loss are predictors of long‐term weight loss (39‐42). As indicated
above, other factors may be included to refine prediction. Since all studies from which
these predictors are derived used specific inclusion and exclusion criteria and different
treatment regimes, it is not likely that these data are directly transferable to other
populations and treatments. Therefore, prediction models may have to be derived for
each specific population and treatment. Within the CO‐EUR database there are a lot of
parameters available that could be useful when constructing a predictive model specific
for the CO‐EUR population. A suggestion for such parameters relevant to this thesis,
has already been mentioned above. When such a predictive model is developed within
a clinical setting, and certain parameters predict who will be a responder or nonre‐
sponder, this can aid in the treatment. Early non‐responder recognition can be a trigger
to intensify the treatment or to change the treatment strategy.

Conclusion
In clinical obesity treatment a thorough intake procedure and profiling of the patient
and their specific needs, rather than a ‘one size fits all’ approach, can help in choosing
the right kind of treatment. This will aid in producing significant weight loss, and then
maintaining it successfully over a long period of time. Developing a specific predictive
model for the treatment setting can be useful for this purpose.
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Summary
Since the 1980’s the number of people suffering from obesity has increased dramatical‐
ly. The large amount of fat accumulation in obesity presents a serious risk for health.
Obesity is associated with numerous diseases like type 2 diabetes, cardiovascular dis‐
ease and cancer. As obesity is a multifactorial disease, it calls for a multifactorial treat‐
ment. Treatment should cover physical activity, diet and behavioural modification with
specific psychological treatment when needed. The aim of this thesis was to evaluate
conservative treatment strategies within a practice based setting and to search for
genetic predictors of weight loss (maintenance).
Reviewing the available recent literature until 2010 about the effects of different car‐
bohydrates on body weight and health in chapter 2, we found that starchy foods, espe‐
cially slowly digestible and resistant starches show potential beneficial effects in com‐
parison to the potential detrimental effects of high intakes of fructose. Such starchy
foods can aid in (the maintenance of) weight loss and this would make them a good
addition to a healthy diet. The intake of whole grains, legumes and vegetables, which
contain more appropriate sources of carbohydrates associated with reduced risk of
cardiovascular and other chronic diseases, is recommended over the intake of foods
rich in sugars, especially in the form of sugar‐sweetened beverages.
The DIOGENES randomized clinical trial investigated the effect of dietary protein con‐
tent (P) and glycemic index (GI) on weight loss maintenance in overweight or obese
adults in 8 centers across Europe. The original DIOGENES intervention lasted for 6
months, but the study in chapter 3 reports the 1‐year results in 2 of the centers that
extended the DIOGENES intervention to 1 year. 256 subjects that lost at least 8% body
weight during the initial 8‐week low calorie diet, were randomized to 5 ad libitum diets
for 12 months high P/low GI (HP/LGI), high P/high GI (HP/HGI), low P/low GI (LP/LGI),
low P/high GI (LP/HGI) and a healthy control diet. During the first 6 months foods were
provided for free through a shop system, during the whole 12‐month period subjects
received guidance by a dietician. Average weight regain over the 12‐month intervention
period was 3.9 kg but subjects on the HP diets regained less weight than subjects on
the LP diets. We found no consistent effect of GI on weight regain. From this study we
can conclude that an ad libitum high protein diet (~23% of total energy intake) im‐
proves weight loss maintenance during a 12 month intervention. The use of increased
dietary protein intake for weight loss (maintenance) is supported by this study.
Although there is a lot of data on the results of various obesity treatment strategies
from clinical trials, practice‐based data from commercial treatment centres is scarce. In
chapter 4 we report the results of the CO‐EUR commercial treatment centre in the
Netherlands. CO‐EUR provides a multidisciplinary approach for people suffering from
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obesity. This 18 months programme includes a physical activity programme, psycholog‐
ical counselling based on cognitive behavioural therapy (CBT) and nutritional advice to
promote a healthy lifestyle. We followed 426 subjects during their treatment and used
their data from anthropometric measurements and questionnaires to evaluate the
programme. Our findings reveal that this 18 months treatment programme results in
significant weight loss and improvements in cardiometabolic risk factors, quality of life
and eating behaviour.
Impaired glucose tolerance is an often seen metabolic co‐morbidity in the obese. In
chapter 5 we explored the independent contributions of weight loss and physical activi‐
ty to the improvement in glucose tolerance in severely obese subjects that participated
in the CO‐EUR treatment programme. We used accelerometers to register the amount
of physical performed during as part of the treatment programme and in leisure time.
Although it is well established that physical activity has beneficial health effects regard‐
ing glucose metabolism and lipid profile, our study was the first to show that increasing
moderate intensity physical activity by 30 min day‐1 significantly improved glucose
tolerance independent of weight loss in severely obese subjects. These results under‐
line the importance of physical activity within a multidisciplinary obesity treatment
programme.
It is well established that environmental factors like dietary habits are important con‐
tributors to weight maintenance. Genetic factors, however, likely also play a role. To
gain more knowledge about the role of genetics in weight loss (maintenance) we per‐
formed the study described in chapter 6. For this study we collected DNA samples and
used the 3 monthly weight measurement from 587 obese subjects enrolled in the CO‐
EUR treatment programme. The association between genotypes, grouped according to
the best inheritance model, and weight loss was assessed after 3 months of treatment
(short‐term) and after 12 months of treatment (long‐term). For these analyses weight
loss was categorized as ≥ 5% of initial weight or < 5% of initial weight. Our results show
that polymorphisms in genes related to regulation of fat storage (PLIN1 and PPARG)
and structural adaptation of the adipocytes (MMP2 and TIMP4) are predictors for
weight loss with different genes being relevant for short term and the long term weight
loss. Combined genotype analysis shows interaction between the fat storage and adi‐
pocyte structural adaptation processes during weight loss.
This thesis concludes that diet, physical activity and behavioural treatment all have
their strengths in the multifactorial aspect of obesity treatment. It is recommended
that these treatment strategies should be combined rather than being implemented as
single treatments. Treatment outcome is likely to be influenced by genetic factors, but
more research is needed on this topic. Prediction models for treatment outcome, con‐
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sisting of many determinants like environmental and genetic factors, could play an
important role in the future. At this time however, such models are still in their infancy.
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Samenvatting
Sinds de tachtiger jaren is het aantal mensen met obesitas drastisch gestegen. De grote
toename van vetweefsel bij obesitas leidt tot ernstige gezondheidsrisico’s. Obesitas
wordt geassocieerd met tal van ziektes zoals type 2 diabetes, hart –en vaatziekten en
kanker. De multifactoriële aard van obesitas maakt ook een multifactoriële behandeling
noodzakelijk. Een behandeling zou moeten bestaan uit voeding, beweging en gedrags‐
verandering met, indien nodig, een specifieke psychologische behandeling. Het doel
van dit proefschrift was het evalueren van conservatieve behandelstrategieën binnen
een praktijkgerichte situatie en het zoeken naar genetische voorspellers van (blijvend)
gewichtsverlies.
In een overzicht van de beschikbare literatuur tot 2010 over de gewichts‐ en gezond‐
heidseffecten van verschillende soorten koolhydraten in hoofdstuk 2, vonden we dat
zetmeelrijke voedingsmiddelen en met name langzame en onverteerbare zetmelen,
potentiële gunstige effecten hebben in vergelijking met de mogelijke ongunstige effec‐
ten van hoge fructose‐inname. Zulke zetmeelrijke voedingsmiddelen kunnen helpen bij
(het behouden van) gewichtsverlies en kunnen daarom een goede toevoeging zijn aan
een gezond voedingspatroon. De inname van volkoren producten, peulvruchten en
groenten, die de meer geschikte bronnen van koolhydraten bevatten die samenhangen
met een verlaagd risico op hart –en vaatziekten en andere chronische ziekten, wordt
aanbevolen in plaats van de inname van voedingsmiddelen die rijk zijn aan suikers en
dan met name in de vorm van met suiker gezoete (fris)drank.
Het DIOGENES gerandomiseerde klinische onderzoek onderzocht het effect van de
hoeveelheid eiwit (P) in de voeding en de glycemische index (GI) op het behoud van
gewichtsverlies in volwassenen met overgewicht of obesitas in 8 centra verspreid over
Europa. De oorspronkelijke DIOGENES interventie duurde 6 maanden, maar de studie in
hoofdstuk 3 beschrijft de resultaten na 1 jaar van 2 van de centra die de DIOGENES
interventie verlengden tot 1 jaar. 256 proefpersonen die ten minste 8% lichaamsge‐
wicht hadden verloren tijdens het initiële 8 weken durende laag‐calorisch dieet, werden
voor de duur van 12 maanden gerandomiseerd ingedeeld in 5 ad libitum voedingsgroe‐
pen: hoog P/laag GI (HP/LGI), hoog P/hoog GI (HP/HGI), laag P/laag GI (LP/LGI), laag
P/hoog GI (LP/HGI) en een gezonde controlevoeding. Tijdens de eerste 6 maanden
werden de voedingsmiddelen gratis verstrekt via een winkel‐systeem en gedurende de
hele 12 maanden was er begeleiding door een diëtist. Gemiddeld kwamen de proefper‐
sonen weer 3,9 kg bij in gewicht tijdens de 12 maanden interventie, maar de proefper‐
sonen met een HP voeding kwamen minder bij in gewicht dan de proefpersonen met
een LP voeding. We vonden geen stelselmatig effect van GI op het weer bijkomen in
gewicht. Aan de hand van deze studie kunnen we concluderen dat een ad libitum ei‐
witrijke voeding (~ 23% van de energie‐inname) het behoud van gewichtsverlies verbe‐

146

SAMENVATTING

tert gedurende een 12 maanden interventie. Het verhogen van de hoeveelheid eiwit in
de voeding voor het gebruik bij (behoud van) gewichtsverlies wordt met deze studie
ondersteund.
Er is veel data beschikbaar over obesitasbehandelstrategieën uit klinische studies, maar
praktijkgerichte gegevens van commerciële behandelcentra zijn zeldzaam. In hoofdstuk
4 beschrijven we de resultaten van het CO‐EUR commerciële behandelcentrum in Ne‐
derland. CO‐EUR biedt een multidisciplinaire aanpak voor mensen met obesitas. Dit 18
maanden durende programma bestaat uit het verhogen van de lichamelijke activiteit,
psychologische behandeling op basis van cognitieve gedragstherapie (CGT) en voe‐
dingsadvies voor het bevorderen van een gezonde leefstijl. We volgden 426 personen
tijdens hun behandeling en we gebruikte hun gegevens van lichaamsmetingen en vra‐
genlijsten om het behandelprogramma te evalueren. Onze bevindingen laten zien dat
dit 18 maanden behandelprogramma resulteert in significant gewichtsverlies en verbe‐
tering van cardiometabole risicofactoren, kwaliteit van leven en eetgedrag.
Gestoorde glucosetolerantie is een vaak geziene metabole co‐morbiditeit bij obesitas.
In hoofdstuk 5 onderzochten we de onafhankelijke bijdrage van gewichtsverlies en
lichamelijke activiteit op de verbetering van glucosetolerantie in ernstig obese proef‐
personen die deelnamen aan het CO‐EUR behandelprogramma. We maakten gebruik
van versnellingsmeters om de hoeveelheid lichamelijke activiteit als deel van de be‐
handeling en in de vrije tijd te registreren. Het is bekend dat lichamelijke activiteit een
gunstig effect op het glucosemetabolisme en het vetgehalte in het bloed heeft, maar
onze studie was de eerste die aantoonde dat een toename van matig intensieve licha‐
melijke activiteit van 30 minuten per dag de glucosetolerantie significant verbetert in
ernstig obese proefpersonen, onafhankelijk van gewichtsverlies. Deze resultaten bena‐
drukken hoe belangrijk lichamelijk activiteit binnen een multidisciplinair obesitas be‐
handelprogramma is.
Het is bekend dat omgevingsfactoren zoals voedingsgewoonten een belangrijke invloed
hebben op behoud van lichaamsgewicht. Echter genetische factoren dragen hier waar‐
schijnlijk ook aan bij. Om meer kennis te vergaren over de rol van (behoud van) ge‐
wichtsverlies hebben we het onderzoek zoals beschreven in hoofdstuk 6 uitgevoerd.
Voor dit onderzoek hebben we DNA monsters en de 3 maandelijkse gewichtsmetingen
gebruikt van 587 obese personen die deelnamen aan het CO‐EUR behandelprogramma.
De overeenkomsten tussen genotypen, gegroepeerd volgens het beste erfelijke model,
en gewichtsverlies werden bekeken na 3 maanden behandeling (korte termijn) en na 12
maanden behandeling (lange termijn). Voor deze analyse hebben we het gewichtsver‐
lies in categorieën ingedeeld: ≥ 5% initieel gewichtsverlies of < 5% initieel gewichtsver‐
lies. Onze resultaten laten zien dat polymorfismen in genen die gerelateerd zijn aan de
regulatie van vetopslag (PLIN1 en PPARG) en de structurele aanpassing van de vetcellen
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(MMP2 en TIMP4) voorspellers zijn van gewichtsverlies, waarbij de genen die relevant
zijn voor gewichtsverlies op lange‐ en korte termijn verschillen. Gecombineerde geno‐
type‐analyse laat een interactie zien tussen de vetopslag en de aanpassingsprocessen in
de structuur van de vetcel tijdens gewichtsverlies.
In dit proefschrift concluderen wij dat dieet, lichamelijke activiteit en gedragstherapie
allemaal hun sterke punten hebben binnen het multifactoriële aspect van de obesitas‐
behandeling. Aanbevolen wordt deze behandelstrategieën gecombineerd in te zetten
in plaats van toegepast als alleenstaande behandelingen. Het behandelresultaat wordt
ook beïnvloed door genetische factoren, maar er is meer onderzoek nodig op dit ge‐
bied. Modellen die het behandelresultaat voorspellen, die bestaan uit veel determinan‐
ten zoals omgevings‐ en genetische factoren, kunnen een belangrijke rol gaan spelen in
de toekomst. Echter op dit moment staan zulke modellen nog in hun kinderschoenen.
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Valorization

Social relevance
The dramatic worldwide rise of overweight and obesity since the 1980’s is alarming.
Prevalence has increased from 28.8% to 36.9% in men, and from 29.8% to 38.0% in
women. Nowadays, even 23% percent of children are overweight or obese. Although
the increase in developed countries has slowed down since 2006, the developing
countries still show a dramatic rise. In some developing countries the estimated obesity
rate exceeds 50%. Weight gain is the result of a structural imbalance between energy
intake and energy expenditure. In our ‘obesogenic’ environment with an abundance of
highly palatable foods, the temptation of eating more calories than needed is very high.
Disturbed eating behaviour is a common condition among obese patients, and the
abundance of calorie dense high palatable foods makes this problem even worse. Next
to the association with psychological problems, overweight and obesity also increase
the risk of numerous co‐morbid conditions like type 2 diabetes mellitus, cardiovascular
disease and cancer that not only present a serious risk for health, but also increase the
economic burden of obesity. Treating these co‐morbid conditions increases health care
costs and when people cannot work because of their illness, the economic burden only
gets worse. Not to mention the estimated 3.4 million deaths caused by overweight and
obesity each year.
It is clear that there is a need to combat this epidemic and that every possible ap‐
proach to prevention and treatment should be taken into consideration. Scientific eval‐
uation of treatment strategies as presented in this thesis is one step in this process.
This will lead to more evidence‐based treatment strategies that can be applied in prac‐
tice.

Target groups
As mentioned above, the prevalence of overweight and obesity is alarming. Therefore,
the target group that could benefit from effective treatment strategies is very large.
Direct benefits from treatment are weight loss and improvement of mental and physi‐
cal well‐being. This would result in less health‐related costs, and therefore a reduction
of the economic burden of obesity and its co‐morbid conditions.
The insights in treatment strategies that result in significant weight loss and improve‐
ments in mental and physical well‐being can help health care professionals to introduce
more effective treatment programmes. These treatment programmes could be further
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adapted to specific patient characteristics, and to patient groups suffering from various
(multiple) co‐morbid conditions, like type 2 diabetes or cardiovascular disease.
Health care insurance companies are always searching for more efficient and effective
treatment for all kinds of diseases. The multifactorial aspect of obesity with the risk of
developing numerous co‐morbid conditions makes obesity a potential high cost condi‐
tion. Insight in evidence based treatment strategies that reduce (the risk of) these co‐
morbid conditions can be very valuable for insurance companies. Such information can
help to choose the right treatment for a patient, so that there is no waste of money on
treatments that do not produce the results needed.

Activities
Societal implementation of scientific research results can take several years. However,
in the case of scientific research on the topic of obesity treatment, which is a hot topic
nowadays, such results may be implemented at a quicker pace. That is exactly the case
for some results presented in this thesis. Implementations related to the results in this
thesis will be discussed below in order of appearance.
The study presented in chapter 3 is a part of the large scale DIOGENES multicentre trial.
DIOGENES was a pan‐European programme targeting the obesity problem from a die‐
tary perspective seeking new insights and new routes to prevention. The results of the
DIOGENES trial have been used to publish a book named the World’s best diet (Bitz &
Astrup, Verdens bedste kur, Kopenhagen, JP/Politikens Vorlag (2012)). It has been
translated in many languages and is being published in several countries including the
Netherlands. This book focuses on a high protein and low carbohydrate diet resulting in
improved long‐term weight loss maintenance. The diet is based on fresh vegetables,
lean protein sources like fish, poultry, legumes, nuts and dairy foods and dense, grainy
foods like rye bread, pumpernickel and barley. The idea is to change the carbohydrate‐
to‐protein ratio in the diet by a modest reduction of fat intake and a modest increase in
protein intake, to give a ratio of around 2:1 in favour of carbohydrates. Although the
book was published before the paper in chapter 3 was written, the results in chapter 3
underline the importance of increased protein intake as it is explained in this book.
Chapter 4 showed the results of the CO‐EUR 18‐month multidisciplinary treatment
programme. CO‐EUR used these results to completely renew their treatment pro‐
gramme. CO‐EUR concluded that the largest improvement in physical and mental
health is achieved in the first 9 months. Therefore, a shorter programme could be more
efficient. So instead of one standardized 18 months programme, CO‐EUR now offers 3
individualized modular treatment programmes of 6, 12 and 18 months respectively.
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The 18 months variant is only used in extreme cases where severe psychological co‐
morbidities need long‐term treatment. Instead of the former standardized 18 months
programme, the 3 treatment programmes are now individualized and modular. Every
treatment starts with 4 months of their in‐house designed Health Improvement Pro‐
gramme (HIP!). This is an innovative, integrative psychotherapy module that is being
backed up by dietetics and physical activity In these first four months the treatment
team searches for personal goals and obstacles in the clients life. They analyse the un‐
derlying pathology, coping strategies and social interaction after which a holistic theory
or psychodynamic hypothesis is formulated. On the basis of these aspects the multidis‐
ciplinary treatment programme is constructed. After these first 4 months the treatment
team can choose out of a number of modules to form an individual treatment pro‐
gramme adapted to the specific needs of the patient. Evaluation of these new pro‐
grammes would be very interesting, because early recognition of possible flaws can
result in further improvement of the treatment programme. A continuous evaluation
cycle to compare the data of the different treatment locations of CO‐EUR has already
been implemented. The data generated by this evaluation cycle was used to show
whether the results of the different treatment locations were comparable, and if not,
what could be done about it.
The result from our study in chapter 5 that physical activity alone can improve glucose
tolerance in severely obese persons can help in understanding the value of physical
activity within a multidisciplinary treatment programme. Getting obese patients to
become more physically active can be a challenge for health care professionals within a
treatment programme. Innovative ehealth products like smartphone apps can aid in
showing the amount of physical activity performed on a daily basis and what is eventu‐
ally needed to improve the patient’s physical health. The results on how much physical
activity is needed to improve glucose tolerance can be used in such ehealth products.
This can improve the understanding of the treatment in relation to the health status of
the individual patient.
The genetic predictors of high weight loss as described in chapter 6 could be used in
comprehensive prediction models. Although patient specific prediction models are still
in their infancy, such models could predict treatment outcome in an early stage of
treatment, so that the treatment could be quickly adapted to the patient’s specific
needs. The complexity of the human body makes it very difficult to predict treatment
outcome, and genetic factors are probably not the most important influential factors in
this process. Future research has to be performed to gain more knowledge and insight
on this subject.
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Innovation
Together with the increase of people suffering from obesity, scientific research con‐
cerning this topic has exploded in the last 30 years. Many new products and diets are
brought to the market every year claiming to promote rapid weight loss, often with
little to no effort from the obese person. Numerous diets have been developed ranging
from eating only certain foods like bananas or apples or diets consisting of high fat/no
carbohydrates and vice versa, all claiming to be the one diet that works wonders. The
truth to all diets is, is that they all work! It is the adherence to a diet that is the prob‐
lem. Most of those diets are doomed to fail because it is impossible to adhere to them
for a longer period of time. Who would want to eat apples for the rest of their lives?
Designing a diet that truly works and that can be adhered to for many years, maybe
even a lifetime, is a challenge. Scientist around the globe are continuously researching
our diet and dietary habits in search of a solution for the obesity epidemic. In January
2005, the Diet, obesity and genes (DIOGENES) project started. It was an innovative
multi‐disciplinary, multi‐centre research project to advance understanding of how obe‐
sity can be prevented and treated from a dietary perspective. It integrated studies of
dietary, genetic, physiological and behavioural factors. This five‐year programme invol‐
ved a consortium of 29 partners across Europe. It was made up of world‐class centres in
diet‐and health studies, epidemiology, dietary genomics and food technology. It also
included 3 major food industrials and 5 Small‐ and Medium‐Sized Enterprises. It was the
first large‐scale pan‐European dietary intervention study to date.
The CO‐EUR treatment centre was founded in 2008. It was one of the few multi‐
disciplinary obesity treatment centres in the Netherlands at that time. Prof. Dr. van
Baak and Prof. Dr. Kuipers were asked to help in the scientific evaluation of the CO‐EUR
treatment programme. This thesis is the product of that evaluation. Three chapters in
this thesis are written with data generated from the CO‐EUR treatment programme.
This thesis is also the first in the Netherlands that evaluates a local commercial obesity
treatment programme. It has already been explained that the results of this evaluation
have been used to renew the programme, making it more efficient with 3 different
treatment programmes.

Planning and realisation
In this thesis we evaluated conservative treatment strategies for obesity. We gained
insight in the value of high protein diets, physical activity and behavioural aspects in the
treatment of obesity. Next to these conservative strategies there is also treatment
based on medication or surgery. Although we did not review the possibility of combin‐
ing these treatments within this thesis, it could be an interesting topic for future re‐
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search. When surgery would be combined with a pre‐treatment as offered within the
CO‐EUR treatment programme, treatment outcome might be improved further. This
would provide a solid base for a large number of treatment seeking obese patients.
Being able to offer a broad perspective of treatment options could help in serving the
wishes and needs of many obese patients.
As mentioned before, there are several topics from this thesis already implement‐
ed in existing products or treatment programmes. There is still a lot of knowledge left in
this thesis that could be useful for future studies or implementations in health care
solutions. Prediction models that include genetic factors are under development and
our data may contribute to their further development. However, such models will still
take years to become more accurate, because undoubtedly more factors that influence
treatment outcome and their interaction will be discovered. And many of these factors
will be patient or population specific. Obesity treatment will keep on evolving and the
search for the perfect treatment will probably never stop.
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Dankwoord
Eindelijk is het dan zo ver, mijn proefschrift is af! Uiteraard wil ik heel graag iedereen
die op de een of andere manier een bijdrage aan dit boekje heeft geleverd van harte
bedanken.
Marleen, de eerste stappen van onze samenwerking werden tijdens mijn Master thesis
gezet, ook toen al met obesitas als onderwerp. Jou manier van begeleiding, die in mijn
geval veel eigen verantwoordelijkheid betekende, heb ik als zeer prettig ervaren. Ik kan
me goed voorstellen dat je vaker dan eens hebt gedacht of ik het ooit zou afkrijgen,
maar het is uiteindelijk dan toch gelukt. Ik heb ontzag voor jou manier van doorzetten,
zoals bij het diogenes paper waar we 3 jaar over hebben gedaan… ik was er al een tijdje
klaar mee. Je bent inmiddels met pensioen en ik hoop dat je samen met Bart heel veel
kunt genieten van je vrije tijd. Het is je gegund.
Harm, vanwege de grote tegenslagen waarmee je te maken hebt gehad, hebben we
niet heel veel contact gehad de afgelopen jaren, maar als ik vragen had kon ik altijd
rekenen op een snelle en duidelijke reactie. Ik waardeer het enorm, dat nu het weer
beter met je gaat, je je activiteiten als promotor weer voortzet. Ik wens je heel veel
gezondheid voor de komende jaren toe.
Leden van de beoordelingscommissie, bedankt voor het kritisch lezen van mijn proef‐
schrift en de deelname aan mijn promotieplechtigheid.
Mijn paranimfen, Maarten en Sebastian. Maarten, mosseltje, je kwam net na mij bij die
gekke Kingma in 2.318 terecht en wat hebben we een lol gehad. HCK, balletje balletje
we hebben te veel meegemaakt om op te noemen. Met jou zijn die 4 jaar in Maastricht
omgevlogen en ik had het voor geen goud willen missen. 2.318 staat voor altijd in mijn
geheugen gegrift. Sebastian, als mijn enige (en oudere) broer sta je al sinds mijn ge‐
boorte aan mijn zijde. Je was getuige toen ik trouwde, je bent de peetoom van Emilia,
dus het is vanzelfsprekend dat je ook nu weer naast me staat. We hebben al aardig wat
(outdoor) avonturen op onze kerfstok en er zullen er nog veel meer volgen. We zijn
twee handen op een buik en ik ben heel erg blij dat jij mijn broer bent.
Boris, officieel mijn langste kamergenoot in 2.318. Toen ik bij je kwam zitten dacht ik
nog dat je veel te serieus was, maar gelukkig was daar na de eerste week al geen sprake
meer van. Je hebt veel ‘interessante’ ideeën gehad en we hebben hard en veel gela‐
chen maar jij was ook degene die de serieuze noot terug bracht als er toch echt weer
gewerkt moest worden. Zonder jou had ik er vast wel langer over gedaan.
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Guy, je kwam, zag en overwon. Als laatste gekomen en als eerste weer weg, je haalde
ons allemaal in. Wellicht omdat jij juist niet in 2.318 zat. Jou harde werken en doorzet‐
tingsvermogen heeft me altijd versteld doen staan. Ga zo door hoef ik niet te zeggen,
dat doe je vanzelf wel.
Bram en Masper, ook al hebben de vlaggen van jullie thuislanden dezelfde kleuren,
jullie zijn totaal verschillend. Desalniettemin mag ik jullie allebei erg graag en ben ik blij
dat ik jullie heb leren kennen.
Maartje, Marjet, Anouk, Christel, Evie, Lisje, Hannah, Mark, de dames en heer die als
buren van 2.318 de revue zijn gepasseerd. Jullie hebben veel moeten verduren en met
name geluidsoverlast, maar ik waardeer het enorm dat jullie de verdraagzaamheid
zelve waren. Betere buren kon ik me niet wensen. Jullie deur stond altijd open en er
was ook meestal wel wat te eten.
De stagiaires die me voor kortere of langere tijd fantastisch hebben geholpen. Yvonne,
Marcia, Reni, Marlot, Maud, Harry, Rainer, Stefan, Rens, allemaal ontzettend bedankt
voor jullie inzet en hulp.
Uiteraard mag ik de engeltjes van het secretariaat niet vergeten, de administratieve
ruggengraat van de afdeling en altijd in voor een praatje. De collega’s van HB en BW
waar ik al dan niet mee heb samengewerkt. Freek zonder jou hulp was er van die buffy
coats nooit wat terecht gekomen. Edwin, bedankt voor je hulp bij het snp artikel. Dorit,
van Health and Sports ben je me achtervolgd naar Maastricht. We hebben een gezellige
tijd gehad en ik hoop dat je je proefschrift snel kunt afronden. Laten we elkaar vooral
niet uit het oog verliezen.
Mijn collega’s van CO‐EUR. Het secretariaat voor het helpen met versturen van proef‐
persoon informatie en het invullen van de vragenlijsten. Afdeling somatiek voor de
bloedafnames en het gehannes met de usb‐sticks. En alle andere collega’s die hun
steentje hebben bijgedragen. Zonder CO‐EUR was dit proefschrift er nooit geweest.
Wetenschappelijk onderzoek kan niet worden uitgevoerd zonder proefpersonen. Het
merendeel van mijn proefpersonen was afkomstig van CO‐EUR. Mijn hartelijk dank voor
eenieders deelname.
Mam, jij en pap hebben me altijd de mogelijkheid gegeven om dat te doen wat ik graag
wilde. Jullie hebben me gemotiveerd om net iets hoger in te zetten, omdat jullie ervan
overtuigd waren dat ik het toch wel kon. Jullie staan aan de basis van wat ik ben ge‐
worden, zonder jullie opvoeding en volharding had ik dit nooit gehaald. Het afgelopen
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jaar, de eindspurt van mijn proefschrift, was zonder jou hulp nooit gelukt. Lieve mam,
bedankt dat je er altijd voor me bent.
Pap, we hebben allebei een hekel aan voetbal, maar ik ben aan de bal gebleven. Alweer
heb ik er wat langer over gedaan, maar toch heb ik het gehaald. Het is zo jammer dat je
te vroeg bent gegaan want ik weet dat je apetrots zou zijn geweest. Je bent voor altijd
bij me.
Emilia, mijn lieve kleine meid. Dat zo een klein meisje, zo een grote betekenis voor me
kan zijn had ik nooit verwacht. Ik heb vanaf nu alle tijd om met jou bezig te zijn en dat
zal ik met heel mijn hart doen. De wereld ligt nog aan je voeten en we gaan er wat
moois van maken.
Anna, meine große Liebe. Als du mit deiner Doktorarbeit angefangen hast, hab ich ge‐
dacht: „Naja, das schaffe ich auch“; also warum nicht? Du bist also eigentlich der Grund
dafür, dass ich das Ganze angefangen habe und auch der Grund dafür, dass das es jetzt
ein Ende hat. Ohne deine Motivation und Unterstützung und die Tage, an denen du mir
den Rücken freigehalten hast, hätte ich es nicht geschafft. Erst jetzt weiß ich, wie müh‐
sam es für dich war‐ und dabei warst du auch noch viel schneller fertig ;‐) Mein Baby, es
war nicht immer einfach mit mir, aber zusammen haben wir es geschafft. Wir haben
eine wunderschöne kleine Herde und ich bin mir sicher, dass die Zukunft ein Traum
wird. Ich werde dich für immer lieben.
En dan zijn er vast nog wel mensen die hadden verwacht dat ik ze persoonlijk zou ver‐
melden, maar helaas. Ik wil er geen ellenlang verhaal van maken. Mocht ik je persoon‐
lijk zijn vergeten, dan alsnog bedankt!
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Curriculum vitae
Erik Aller was born on the 24th of December 1982 in Sittard, the Netherlands. He at‐
tended secondary school at Trevianum in Sittard. In 2008 he received his Bachelor de‐
gree in Physiotherapy from Hogeschool Zuyd in Heerlen and continued with the Euro‐
pean master of Metabolism and Nutrition at Maastricht University. After graduating in
2009 he started a PhD under the supervision of Prof. Dr. M. A. van Baak and Prof. Dr. H.
Kuipers at the department of Human Biology at Maastricht University. During his PhD
he focused on obesity treatment and studied conservative treatment strategies for
obesity as demonstrated in the present dissertation and the numerous publications in
scientific journals. In 2013 he started working for CO‐EUR as a consultant research and
innovation.
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