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Macronutrients as sources of food energy

Andrew M Prentice*
MRC International Nutrition Group, London School of Hygiene and Tropical Medicine, Keppel Street, London,
WC1E 7HT, UK and MRC Keneba, The Gambia

Abstract

This background paper considers the extent to which the development of new
recommendations for dietary energy requirements needs to account for the
macronutrient (fat, carbohydrate, protein and alcohol) profiles of different diets.
The issues are discussed from the dual perspectives of avoiding under-nutrition and
obesity. It is shown that, in practice, human metabolic processes can adapt to a wide
range of fuel supply by altering fuel selection. It is concluded that, at the metabolic
level, only diets with the most extreme macronutrient composition would have any
consequences by exceeding the natural ability to modify fuel selection. However,
diets of different macronutrient composition and energy density can have profound
implications for innate appetite regulation and hence overall energy consumption.
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Introduction – macronutrients as sources of food

energy

The four principal classes of macronutrients providing

food energy to humans are: carbohydrate, fat, protein and

alcohol. Each of these has numerous sub-types with

specific attributes in terms of energy delivery and potential

health effects. The gross and metabolisable energy

contents of the macronutrients in their traditional (natural)

forms are well established and there is little need to update

the description provided in the 1985 Food and Agriculture

Organization/World Health Organization/United Nations

University (FAO/WHO/UNU) Report on Energy and

Protein Requirements1. New issues relating to compu-

tation of the energy yield from modern manufactured

foods (e.g. non-fat fats such as Olestra) are reviewed

elsewhere for this Consultation2.

In preparing this background paper it has been assumed

that the primary focus is on the energy needs of

populations rather than on the other health aspects of

diet composition. The latter have been dealt with in recent

FAO consultations on fats and oils3 and on carbohydrates4,

and it was recommended that the views of these

consultations were highlighted in the final report without

being re-reviewed by the current consultative group.

Reference to these will be made below but there will be no

attempt to challenge the recommendations, which appear

generally sound.

It will further be assumed that alcohol should not be

recommended as a source of food energy, and that energy

derived from protein is obtained as an ‘accidental’ by-

product of protein degradation. Protein recommendations

will be set according to amino acid requirements and there

is no need to consider protein’s contribution to dietary

energy in setting these figures. Therefore, the main

discussion will centre on carbohydrates and fats as energy

substrates.

New challenges since 1985

The main tenor of the FAO/WHO/UNU 1985 report was

towards ensuring a sufficient intake of dietary energy1.

The report presented a radically new system for

calculating requirements (the basal metabolic rate

(BMR) £ physical activity level (PAL) system) which has

since been widely validated and universally adopted.

While ensuring that minimal requirements are met remains

a vital function in much of the world’s population, this task

has now been broadened by the addition of a new

challenge – that of limiting energy intakes in order to

control the epidemic of obesity sweeping through both

developed and developing nations. Many affluent nations

have experienced a trebling in the rates of clinical obesity

since the 1985 report was published, and in urban areas of

less affluent countries the problem is developing even

more rapidly. It is recommended that the forthcoming

report should cover the problem of obesity, and much of

what is presented below addresses this issue since

macronutrient selection may play an important role in

modulating energy intake in line with energy needs.

In this respect, it is now appreciated that the ‘energy

density’ of diets is crucial in determining spontaneous

energy intake, and it is further recommended that the new
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report discusses energy density and frames its recommen-

dations with this in mind.

Brief summary of the energy-yielding

macronutrients

Alcohol

For the purposes of this consultation it is assumed that

there are no circumstances in which alcohol is

recommended as an energy-giving substrate. In some

populations alcohol may contribute up to 5% of energy or

more, and in some individuals it may represent a much

greater proportion of food energy. There has been

considerable debate about whether the energy from

alcohol ‘counts’ towards doing useful biochemical work or

whether it is simply dissipated as heat5–7. Most of the

evidence suggesting that alcohol energy may not count

has been derived from indirect inferences concerning

weight changes associated with varying alcohol intakes8,9.

These are unreliable. Objective evidence derived from

calorimetric measurements clearly indicates that alcohol

energy must be considered in the overall energy balance

equation7,10.

If it is accepted that the current consultation will not be

making any specific recommendation concerning alcohol

intakes then the only implication of the above statement is

that it must be recognised that many people do in practice

consume alcohol and that it does contribute to their

energy needs. Thus, calculations about the intake of the

other macronutrients must be ‘discounted’ appropriately

to make allowance for de facto consumption of alcohol.

Protein

Recommendations on protein intakes will be dealt with

elsewhere in this consultative process. Protein require-

ments are not calculated with a view to protein supplying

dietary energy. Although there are important interactions

between protein requirements and energy supply

(especially carbohydrate), these are more critical in the

direction of energy modulating protein needs, rather than

vice versa. There are, however, two new areas of

controversy that have emerged since the 1985 report in

respect of thepotential impact of protein supply onobesity.

The first is the suggestion that high protein intakes in

childhood may be causally associated with the develop-

ment of obesity11. This thesis is based largely on

cross-sectional association studies and on extrapolation

from some animal studies. Both lines of argument are

vulnerable, and there is epidemiological evidence to refute

the theory12. So far the proponents of the high protein

theory have not yet managed to convince the wider

scientific community. It is highly likely that this issue will

already have been considered within the background

papers for the consultation on protein requirements. If this

is not the case, then it should be referred to the protein

group.

The second new area of controversy is whether high

protein intakes are useful in down-regulating appetite and

hence maintaining energy balance in sedentary societies.

Most of the evidence for this comes from short-term

experiments on satiety13, or from studies of intentional

weight loss using high protein diets14,15. The latter are

probably irrelevant to the general issue of protein as an

energy-yielding macronutrient. Thus, the remaining issue

is whether it is possible or prudent to issue any advice

about whether levels of protein intake in excess of that

needed for the provision of amino acids would be

desirable in order to aid weight control. It is recommended

that there is so far insufficient evidence to underpin such

advice and that it could be detrimental for a number of

reasons (including the general co-existence of animal

protein with high levels of saturated fat).

Carbohydrate

An abbreviated summary of FAO/WHO recommendations

on carbohydrate intake in relation to energy requirements

is listed in Table 1. A notable omission from these

recommendations (compared to many country-specific

guidelines) is any limitation on sucrose or simple sugars

intakes. The consultation stated that, ‘There is no evidence

of a direct involvement of sucrose, other sugars and starch

in the etiology of lifestyle-related diseases’. Instead of

issuing direct guidance on sugars intake the consultation

dealt with the issue by extolling the virtues of complex

carbohydrates. The failure to detect any obvious

relationships between simple sugars intake and obesity

at the population level is counter-intuitive but has been

examined in considerable depth16,17. However, at the

individual level it seems likely that the very large simple

sugars intakes observed in some individuals (particularly

adolescents and particularly from carbonated beverages)

must play a role in excess energy consumption18. Simple

sugars are also major contributors to the energy density of

diets (see below) and the consultation may, therefore,

wish to advise on acceptable upper limits of intake in

individuals.

Fat

The FAO/WHO recommendations on fat intake are

summarised in Table 2. These recommendations are

prudent and the specific considerations of energy balance

Table 1 FAO/WHO recommendations on dietary carbohydrate

† Optimal diet has at least 55% of total energy from a variety of
carbohydrates for all ages except children under the age of 2
years.
† Fat should not be specifically restricted in children under 2 years.
† The bulk of carbohydrate-containing foods should be rich in
non-starch polysaccharides and with low glycaemic index.

FAO – Food and Agriculture Organization; WHO – World Health Organiz-
ation.
Source: Joint FAO/WHO Expert Consultation on Carbohydrates in human
nutrition4.
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under consideration by the current consultation provide no

basis to suggest modifications. A potential additional

recommendation that peoplewishing to loseweight should

restrict their fat intake to around 20% energy would go

against the general practice of targeting recommendations

towards the healthy population (as opposed to those with

therapeutic needs), and would be widely challenged on

theoretical grounds. It would, however, be helpful for the

new report to give much clearer guidance concerning

dietary fat, energy density and the aetiology of obesity.

Discussion of new considerations since the

FAO/WHO/UNU 1985 report

Many of the basic physiological considerations concern-

ing the absorption, digestion and utilisation of the

energy-yielding macronutrients have not changed since

the 1985 report and do not need to be reviewed again.

The only areas in which knowledge does require

updating in relation to novel foods are being addressed

by Livesey’s background paper which formed the basis

for a FAO workshop report2. The FAO/WHO consul-

tations on carbohydrates4 and fats and oils3 each provide

comprehensive coverage of the metabolism of carbo-

hydrates and fats, and can be referred to in the new

report.

The following is a summary of areas in which there have

been changes in the global position with respect to intakes

or advances in knowledge since the 1985 report. For

reasons provided in the introduction the emphasis is

placed on fats and carbohydrates.

Global trends in carbohydrate and fat consumption

Table 3 summarises the major trends in global carbo-

hydrate intakes between 1964 and 1994. According to

these food balance data there has been almost a 50%

increase in carbohydrate availability in developing

countries but nonetheless a decrease in the percentage

of energy that it provides (from 74%E to 68%E). In

developed countries there has been a decrease in both the

absolute carbohydrate intakes and in its contribution to

dietary energy (from 59%E to 50%E). Details of the

composition of these changes in terms of the actual food

sources of the carbohydrates can be found in the 1996

consultation report4.

Similar trends for dietary fat are shown in Table 4.

The key feature is the large increase in availability of

fats and oils worldwide. Fat consumption in many areas

of the developing world has shown a large percentage

increase19 especially in Asia where intakes were

formerly viewed as being well below desirable levels

of intake and were associated with a high prevalence of

chronic energy deficiency (CED)20. Table 4 shows that,

on average, most regions now have access to dietary fat

at a level above the FAO/WHO prescribed minimum

desirable level of 15% energy. However, there remain

some countries which are below this figure and the

population distribution of fat intakes within the poorer

countries will clearly include many people whose

intakes remain below the desirable 15% energy target.

This level should be restated in the energy report and

endorsed as a target above which all individuals should

be raised. In the developed world, average fat

consumption is above the recommended target of

,35% energy and recommendations should continue to

urge a further reduction especially with regard to

controlling obesity.

Table 2 FAO/WHO recommendations on dietary fat

† Dietary fat should supply at least 15% of energy for most
adults.

† Women of reproductive age should consume at least 20% of
energy from fat.

† Diets of young children should undergo a gradual transition
from breast-milk (50–60% energy from fat) towards the adult
recommendations, with care taken to avoid dietary fat intake
falling too rapidly or below required levels for growth and devel-
opment. During weaning and until 2 years a child’s diet should
contain 30–40% energy from fat. Adequate intakes of EFAs
must be maintained.

† Sedentary individuals should not consume more than 30%
energy from fat.

† Active individuals in energy balance may consume up to 35%
energy from fat.

† Intakes of saturated fat should not exceed 10% of energy.
† Linoleic acid should provide 4–10% energy.
† Cholesterol intake restricted to less than 300mgday21 is

advised.
† Ratio of linoleic (n-6 series) to a-linolenic acids (n-3 series)

should be between 5:1 and 10:1.

FAO – Food and Agriculture Organization; WHO – World Health Organi-
zation; EFA – essential fatty acids.
Source: Joint FAO/WHO Expert Consultation on Fats and oils in human
nutrition3.

Table 3 Global trends in dietary carbohydrate availability

1964 1994

kcal cap21 per day % energy kcal cap21 per day % energy

Developing countries 1500 73.8 1751 68.1
Developed countries 1785 58.7 1598 49.8
World average 1555 66.3 1717 63.2

FAO – Food and Agriculture Organization; WHO – World Health Organization.
Source: Joint FAO/WHO Expert Consultation on Carbohydrates in human nutrition4.
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Macronutrient interactions: the oxidative

hierarchy

Prentice and colleagues have developed a simple

conceptual model (termed ‘The Oxidative Hierarchy’)

which aids in understanding how the body regulates

macronutrient balance on any given mixture of fuels

consumed7. This describes how differences in the body’s

storage capacity for the different macronutrients have

driven the evolution of a hierarchy that governs their

priority in fuel selection. Alcohol is at the top of the

hierarchy since the storage capacity is zero. When alcohol

is consumed it can only be detoxified through oxidation

and it can be readily demonstrated that the presence of

alcohol suppresses the oxidation of the other three

macronutrients7,13,21. Carbohydrate and protein (both of

which have very limited storage capacities) come next on

the hierarchy and both will suppress the oxidation of fat. It

has been demonstrated that, in the absence of alcohol, it is

alterations in carbohydrate intake which drive the changes

in fuel selection22,23. This is because the body’s

carbohydrate stores (primarily in the form of glycogen)

are small and thus generate an obligate need for oxidation

to match supply in an ‘auto-regulatory’ manner. Fat comes

at the base of the hierarchy. There is an almost unlimited

capacity for fat storage, and both body fat and dietary fat

exert very little feedback control on levels of fat

oxidation24.

Flexibility of fuel selection to match diet: capacity

and limitations

There has been considerable advance in our under-

standing of the extent to which the body can adapt its fuel

selection in order to match its rate of utilisation of different

fuels to the amount provided in the diet. Again this

knowledge has derived from detailed manipulative studies

using whole-body indirect calorimetry (see above)25–27.

Figure 1 provides an example showing how alterations in

the diet composition from 7% to 79% energy from

carbohydrate, with reciprocal changes in fat (while protein

was held constant at 14%) cause a major shift in the

oxidation of fuels25. There is a slight delay in generation of

the signal that stimulates these adaptations (assumed to

originate in glycogen stores) or in the induction of some of

the enzyme systems necessary to accommodate such large

fluctuations in diet composition. This is indicated by the

fact that the oxidation rates on the second day in Fig. 1

more closely match the diet composition than the rates on

the first day. Others have shown that it may take 3–4 days

to achieve the full extent of adaptation24,28,29. Experiments

such as these have now been widely performed in a

variety of conditions of energy balance, overfeeding and

underfeeding, and all confirm the basic concept that there

is an impressive level of plasticity within metabolic fuel

selection that allows people to cope on diets of widely

varying composition in terms of the fat/carbohydrate ratio.

Table 4 Global trends in dietary fat availability

1961 1990

g cap21 per day % energy g cap21 per day % energy

Developing countries 28 13 50 18
Africa 38 16 43 18
Far East 22 11 45 16
Near East 46 19 72 22
Latin America 51 20 75 25

Developed countries
Former USSR 69 20 107 28
Oceania 125 36 138 36
Europe 104 32 143 37
North America 124 37 151 37

FAO – Food and Agriculture Organization; WHO – World Health Organization; USSR – Union of Soviet
Socialist Republics.
Source: FAO/WHO Joint Expert Consultation on Fats and oils in human nutrition3.
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Fig. 1 Flexibility of metabolic fuel selection to match dietary fuel
supply; Data show intakes (arrows) and oxidation rates (columns)
of carbohydrate on Day 1 (hatched bar) and Day 2 (solid bar) of
dietary manipulation. n ¼ six subjects studied by continuous
whole-body calorimetry. Redrawn using data from Shetty et al.25
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This leads to two questions of relevance for the current

consultation: (1) are there any adverse consequences

associated with fuelling the body on a range of different

fat: carbohydrate mixtures; and (2) what is the full range

over which this can occur over extended time periods?

The answer to the first question is somewhat unknown

though, with one exception, there is no a priori evidence

to suggest that it should be a problem. The single

exception relates to clinical states of respiratory insuffi-

ciency where the high respiratory exchange ratio (i.e. high

ratio of CO2 production to O2 consumption) associated

with high carbohydrate diets could exacerbate metabolic

acidosis.

The answer to the second question is, in practice, only

important at very high levels of carbohydrate intake since

there are no known populations that consume diets that

are so low in carbohydrate or high in fat as to approach the

levels shown in Fig. 1. Thus, concentrating on the high-

carbohydrate/low-fat scenario we see from Fig. 1 that even

in subjects not habituated to low-fat intakes it appears

possible to adjust fuel selection to accommodate a diet at

least as low as 10% energy from fat. Data from the Far East

(e.g. Vietnam) have indicated that some populations have

been existing on fat intakes as low as 6–7% energy3. At

such low intakes of fat it may be necessary for them to

synthesise some fat de novo from carbohydrate; a

biochemical process which normally occurs at very low

flux and which carries the disadvantage of being

metabolically wasteful of energy30,31. Such populations

are generally extremely lean and may be surviving below

their physiological optimum. This was the view of the

FAO/WHO consultation on fats and oils which urged

measures to raise all populations above 15% energy from

fat. As indicated above most populations have now

moved above this figure and those that have not yet

attained it are probably well on the way to doing so.

Therefore, at least for non-reproducing adults, there seems

little likelihood that fat intakes will be so low as to exceed

the limits of metabolic adaptation. The advice on

minimum fat %E for reproductive women and for children

proposed in the Joint FAO/WHO Consultation on Fats and

oils appears sound and could be reiterated in the present

report.

Macronutrients and diet-induced thermogenesis

The older literature on the topic of diet-induced

thermogenesis (DIT) induced by the different macronu-

trients tended to emphasise the differences observed

when subjects were studied acutely in the period

following ingestion of each macronutrient in its pure

form21,23,27. They indicated quite large differences

between the so-called ‘specific dynamic action’ of the

macronutrients with protein having the highest level and

fat the lowest31. Such experiments bear little resemblance

to the real life condition when diets contain a varied

mixture of energy sources. More recent experiments,

conducted with great accuracy in whole-body calori-

meters, have demonstrated that there is no detectable

difference in thermogenesis over a 24-hour period

between diets ranging in fat/carbohydrate ratio as widely

as can be reasonably constructed using mixed meals (i.e.

between 7% and 79% energy from fat with reciprocal

changes in carbohydrate)25. These studies were con-

ducted at ‘normal’ levels of protein intake (14–16%

energy). They have not yet been repeated with very high

protein intakes, but such diets will presumably not be

endorsed by the consultation so this gap in knowledge is

of little significance. Similar studies with whole-body

calorimetry have shown that the diet-induced thermogen-

esis associated with alcohol oxidation is rather similar to

carbohydrate10.

It is concluded that within mixed diets the impact of

different macronutrients on DIT can effectively be ignored

in relation to energy requirements.

The respiratory quotient (RQ): food quotient (FQ)

concept

In the 1980s J-P Flatt developed the RQ/FQ concept that

is pertinent to the current discussion and requires

explanation32. The RQ is a measure of the proportion of

carbon dioxide produced compared to oxygen consumed

by the body. It is altered by the composition of the fuel mix

being burnt, especially the ratio of fat/carbohydrate. The

FQ is an analogous figure but is derived as the theoretical

ratio of the gases assuming complete oxidation of the

food.

Flatt has pointed out that for an organism to be in energy

balance over a long period of time RQmust equal FQ32. He

further pointed out that, because carbohydrate (glycogen)

stores are small relative to fat stores the fuel selection

mechanisms have evolved to be dominated by carbo-

hydrate supply. It was this concept that stimulated the

development of the oxidative hierarchy described above.

Flatt further reasoned that if a person’s habitual diet

composition were altered then their body composition

would need to change in order to rebalance the FQ/RQ

equation32,33. He argued, for example, that if a person

started consuming a high-fat diet (low FQ) then their body

fat would need to increase until the greater fat mass

stimulated a greater fat oxidation in order to reduce the RQ

and bring it back into line with FQ.

This theory has gained considerable currency and may

create significant confusion during the consultation. We

have argued that, although many aspects of Flatt’s theory

have been extremely useful, the proposal that body

composition must change to rebalance RQ to FQ is not

supported by data34. Reference to Fig. 1 shows that fuel

selection can be modulated over a very wide range even at

the same body composition. Although not plotted in terms

of RQ these data were derived from RQ and show that RQ

alters rapidly to match FQ. In summary, therefore, Flatt’s

FQ/RQ theory need not confuse the consultation by

AM Prentice936



suggesting that body composition will automatically and

necessarily change in response to a change in the fat:

carbohydrate ratio of the diet.

Macronutrient effects on appetite control

In addition to the possible effects on the energy

expenditure side of the energy balance equation,

alterations in the macronutrient composition of the diet

may influence appetite and hence energy intake. In

young children, in malnourished patients, in the elderly

and in emergency situations the aim is often to enhance

or even maximise energy intake to ensure optimal

growth rates or the rehabilitation of the malnourished

state. Under such circumstances a high-fat content (and

hence a high energy density) is beneficial. Since the

current consultation deals with the healthy population

we should focus attention on childhood. The FAO fats

and oils consultation3 emphasised the high-fat content of

breast-milk (.50%E) and made specific recommen-

dations about the way in which the transition between

breast-milk and adult diet should be handled. The

current consultation’s group on energy needs of infants

will also consider this point so there is no need to cover

it further here.

In the reverse direction, there is a pressing need to limit

the energy intake of most adults in the developed world in

order to avoid weight gain and obesity. The extent to

which this can be achieved by promoting a low-fat diet has

been investigated in depth, but remains controversial.

Experimental evidence obtained by covert manipulation

of the fat content of diets universally demonstrates that

high-fat diets lead to an accidental over-consumption of

energy23,35. This can occur at extreme levels. For instance,

Stubbs demonstrated that provision of a 60%E from fat diet

induced almost 100 g day21 fat storage in volunteers

compared to a 20 g day21 fat mobilisation on a matched

diet containing only 20% energy from fat13,36. Similar

experiments have been repeated under a variety of

experimental settings and the result has been regularly

replicated37,38. The effect appears to be caused by a lack of

an energy-sensing feedback mechanism and it can be

shown that it is the increased energy density of high-fat

diets which causes the over-consumption rather than any

specific attributes of fat itself 39–42 and the same effect can

be obtained by increasing the energy density of foods

using carbohydrates43. This phenomenon of accidental

over-eating has been termed ‘passive over-consumption’44

which is a useful phrase since it articulates the fact that

people are not generally being gluttonous but are being

misled by an inappropriate combination of energy-dense

diets and a sedentary lifestyle.

Although the experimental evidence that high-fat or

other energy-dense diets lead to fat gain is robust, the

epidemiological evidence is much more confused45. In

general, it can be demonstrated that obesity correlates

with the fat content of diets. This correlation can be

observed between individuals16,17,46. as well as between

population sub-groups within countries and between

countries3. However, the findings are not always

straightforward45,47. In particular there has been recent

controversy over whether low-fat diets are associated with

leanness48–51. This controversy has been driven by

observations in the US that levels of obesity are continuing

to escalate when the fat content of the diet has apparently

been declining47,51. It would be inappropriate to cover this

controversy in detail here, except to note that the paradox

can almost certainly be resolved by focussing on the issue

of energy density. In the US manufacturers have altered

the ‘traditional’ correlation between fat %E and energy

density of diets. They have successfully manufactured

low-fat products in accordance with guidance provided by

nutrition experts, but have substituted other energy-dense

ingredients (primarily highly-refined simple carbo-

hydrates) and have thereby maintained or even increased

the energy density of foods, thus continuing the

population trend towards passive over-consumption.

The current consultation is strongly urged to address

this issue of energy density of foods and diets in some

detail and with great clarity since it has emerged to be one

of the most important considerations with respect to the

epidemic of obesity.

Metabolic effects of fats vs. carbohydrates

Issues pertaining to the possible health-related metabolic

effects of diets differing in the ratio of macronutrients are

not included within the brief of this paper. However,

they are currently forming a central part of the

controversy regarding the recommendation of high-

carbohydrate/low-fat diets for affluent populations51 and

will, therefore, need to be considered as part of the

consultative process.

Suggested recommendations

The recommendations arising from this paper are

extremely simple as follows:

1. Adopt and restate the recommendations arising from

the FAO/WHO consultations on fats and oils3 and on

carbohydrates4 in terms of advice in relation to

macronutrients as sources of food energy.

2. Acknowledge that the epidemic of obesity represents

the greatest new development since the 1985 report1

and devote a considerable amount of attention to this

issue in the new report.

3. Provide background information and education con-

cerning the importance of the energy density of diets in

maintaining healthy body weight.

4. Address the issue of novel food formulations and the

effects that these may have on physiological mechan-

isms of weight regulation (see also background paper

by Livesey2).
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5. In all other respects acknowledge that physiological

mechanisms are well designed to adapt metabolic fuel

selection to match the macronutrient composition of

the diet over a very wide range. Changes in global food

supply are making the circumstances over which this

adaptation cannot cope (i.e. very low-fat intakes)

increasingly rare.

Areas for further research

Our understanding of the interactions between the

energy-yielding macronutrients at the metabolic level is

now sufficiently advanced to cover our needs in terms of

energy and protein recommendations. However, under-

standing of the interplay between cognitive and metabolic

effects is still at a very rudimentary stage, and is of critical

importance in relation to obesity. For instance, dietary

manipulation of the fat:carbohydrate ratio (and hence

energy density) has very predictable effects on energy

balance when the manipulations are made covertly (see

above). When made overtly (i.e. when subjects are

informed that they are consuming high-fat or low-fat

foods) the effects can be completely different52. Similarly,

when experiments are conducted across foods with similar

ratings of palatability the results are predictable, but we

have a relatively poor understanding of the effects of fats

and sugars on palatability in different subjects. Drew-

nowski has shown that obese women tend to favour

fat–sweet combinations and obese men tend to favour

fat–savoury combinations53, but there is little further

refinement of this knowledge.

There is also an urgent need for more research on

the potential effects on human weight regulation of

modern food processing techniques which can manip-

ulate the traditional ‘learnt’ linkage between macronu-

trients and energy intake54. These relationships form the

basis of most people’s cognate control of food intake

and their disruption is likely to impair the partnership

between cognitive and metabolic controls of food

intake.

Recommendations for priority areas of future

research

1. The interplay between innate and cognitive responses

to foods of varying macronutrient content and

palatability.

2. Further research on the influence of energy-density of

foods on the maintenance of healthy body weight.

Included in this should be studies into the effect

of energy density on the palatability/desirability of

foods.

3. Further research on the weight-controlling and other

metabolic effects of diets differing in macronutrient

proportions and in energy density.

4. Further research on the impact in terms of body weight

regulation of novel food manufacturing processes that

can disconnect the usual relationship between macro-

nutrient composition of foods and their energy density.
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