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Abstract

Accurate information about the energy needs of a range of acute and chronic
diseases and morbidity is lacking and often complicated by the medication prescribed
to treat the condition and also because of the presence of pre-existing malnutrition.
Assessing the energy requirements of patients with acute and chronic diseases is more
complex than for those in good health. These requirements not only depend on the
aggressiveness of the disease and level of inactivity it causes, but also on the
treatment, and the presence of prior malnutrition. It used to be generally believed that
the energy requirements were increased in a number of diseases. It is now realised
that this is not usually the case. Therefore, it is necessary to put these changing ideas
into context by considering a wide range of acute and chronic diseases which this
paper proposes to do. This paper is almost exclusively restricted to studies that have
measured total energy expenditure (TEE) using tracer techniques in both hospital and
the community (mostly doubly labelled water and to a lesser extent bicarbonate-
urea), and continuous 24-hour indirect calorimetry in artificially ventilated patients in
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Introduction

Despite the immense global burden of disease, there is
little accurate information about the energy requirements
of patients suffering from a variety of common diseases,
such as degenerative conditions producing arthritis,
angina, poor eyesight and hearing, and infective
conditions, producing diarrhoeal diseases, malaria, other
tropical diseases and infestations and tuberculosis which is
associated with acquired immune deficiency syndrome
(AIDS). Furthermore although several studies have used
tracer techniques to measure total energy expenditure
(TEE) in patients infected with the human immunodefi-
ciency virus (HIV)l_Gthey have been undertaken in
developed countries where the course of the disease
may differ substantially from that in less well developed
countries, not only because of the absence of ‘expensive’
new treatments such as anti-protease inhibitors but also
because of the presence of pre-existing malnutrition and
other diseases.

There is a continuum in physical function between
health and disease, but the dividing line between them can
be difficult to define. For example in the UK more than
four out of 10 subjects aged over 65 years have long-
standing health problems that limit physical activity’. Less
severe disabilities may produce effects on physical activity
that are difficult to distinguish from normal activity.
Indeed, it seems that the prevalence of disease is so
common in older subjects that it is difficult to define
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‘normal’; especially in extreme old age. At the other
extreme of the life span, young children in developing
countries, who are frequently growth retarded, may have
evidence of an acute phase inflammatory response
without overt signs of disease®. Furthermore, if dietary
recommendations are provided for healthy normal weight
individuals, and not for overweight/obese individuals, or
underweight individuals, who frequently suffer from
disease-related malnutrition, then more than half of the
population of many countries will be excluded.

Assessing the energy requirements of patients with
acute and chronic diseases is more complex than for those
in good health. These requirements not only depend on
the aggressiveness of the disease and level of inactivity it
causes, but also on the treatment, and the presence of
prior malnutrition. It used to be thought that the energy
requirements of a number of severe acute diseases were
increased”!’. Tt also used to be thought that the energy
requirements of individuals with spastic disorders, such as
spastic cerebral palsy'"'? were increased. Now it is
realised that this is not usually the case. Therefore, it is
necessary to put these changing ideas into context by
considering a wide range of acute and chronic diseases.
The purpose of this paper is threefold:

e to highlight some of the principles involved in
estimating energy requirements in disease, especially
those that differ or do not apply to health;

e to review studies of TEE in patients with disease;
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e to assess the limits of human physical activity, ranging
from disease related inactivity at one extreme to severe
physical exertion at the other extreme and to briefly
consider the energy needs associated with a moderate
increase in physical activity in inactive or moderately
active subjects.

This paper is almost exclusively restricted to studies that
have measured TEE directly using tracer techniques in
both hospital and the community (mostly doubly labelled
water and to a lesser extent bicarbonate-urea®?~1%), and
continuous 24-hour indirect calorimetry in artificially
ventilated patients in hospital. Although other instruments,
such as accelerometers and heart rate monitors have been
used to estimate TEE in free living conditions in disease,
they are less accurate'®™'°. Factorial methods, which take
into account the energy cost of specific physical activities,
have also been used in patients with disease'®?°~%%
although the type of activities and their energy cost may
differ from health®*.

Principles and methodological issues

The energy requirements of sick people are greatly
influenced by the type (acute or chronic), severity, and
phase of the disease (acute or recovery phase). They are
also affected by the presence of other physical and
psychological disabilities, which may vary over time, and
the nutritional state of the patient. Sometimes it may not be
appropriate to treat the disease or the associated
malnutrition, as when a patient is approaching death
and feeding is a burden. There are also a number of
situations, where provision of nutritional therapy is
controversial. Is it appropriate to attempt to feed or
improve the nutritional state of malnourished patients with
severe end stage dementia, who stop eating? Is it
appropriate to improve the growth of children with
severe cerebral palsy, when the increase in weight is likely
to prevent the mother from carrying them, making care
more difficult? Tt has even been suggested that in some
situations it may be preferable to maintain rather than
correct a poor protein-energy state. For example, it has
been argued that a large increase in body weight in some
patients with heart failure, may aggravate or precipitate
heart failure and increase the severity of symptoms,
whereas a low body weight may reduce the load to the
heart so that cardiac symptoms are kept under control.

A number of specific issues relating to measurement and
interpretation of energy intake and expenditure in disease
are detailed below.

Energy intake

Subjects with disease may be in substantial energy
imbalance for days, weeks, and sometimes months. This
imbalance is often caused by anorexia, which is a common
consequence of traumatic, infective, malignant or other
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inflammatory diseases. It is obvious that accurate
measurements of energy intake in disease do not
necessarily reflect the energy required to maintain energy
balance or the energy required to achieve optimal health.
Furthermore, although in undernourished subjects,
additional energy is required for repletion and improve-
ment in tissue function, health and well being, the reverse
applies to obese individuals.

The timing of nutritional support is also important. For
example, aggressive overfeeding in the acute phase of
injury can cause metabolic disturbances, such as
hyperglycaemia (diabetes of injury) and increased CO,
production, which can be detrimental to patients with
respiratory failure. Hyperglycaemia has also been reported
to worsen a stroke in animal models of cerebral
ischaemia®®, and in animal models of sepsis an increase
in the amount of feeding, even within the sub-
maintenance range, increases mortality”?*, Similarly,
aggressive overfeeding of severely malnourished individ-
uals, especially those recovering from disease, can cause
sudden death from the re-feeding syndrome, which is
associated with low circulating concentrations of potass-
ium, magnesium and phosphate?>2°. In contrast, very
slow repletion during recovery can prolong the period of
ill health, as well as poor work performance and poor
quality of life. Finally, nutritional intake in disease may
differ from health in that it can be provided artificially
using an enteral tube or venous catheter (sometimes for
life), independent of the appetite.

Energy expenditure

Basal metabolic rate

Estimation of BMR. Basal metabolic rate (BMR), which
forms the basis of the factorial method to estimate TEE, is
more variable in disease than in health. Apart from being
influenced by the type, severity, and phase of the illness
(see Fig. 1), BMR is also influenced by the nutritional status
of the patient and a wide range of treatments, which may
vary from surgical interventions, immobilisation, and
artificial ventilation to blood transfusions and drug
therapy. For example, drugs such as catecholamine
increase BMR, while morphine and barbiturates can
decrease it. Other drugs limit physical activity by causing
sedation, drowsiness or even paralysis so that patients can
comply with artificial ventilation. Standard reference
tables or equations for predicting BMR from weight,
height and age, were established for use in healthy
subjects without malnutrition and disease, and without
dehydration and oedema, which can have substantial
effects on body weight. Therefore, prediction of BMR is
more likely to be in error in disease than in health.

Measurement of BMR. Measurement of BMR may be
difficult or impossible to establish in individuals with
muscular spasms or twitching, and those fed continuously
by artificial nutrition, which prevents the overnight fasted
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Fig. 1 Approximate increase in BMR produced by acute dis-
eases. The time after the onset of the disease is indicated (based
on Elia®®)

state from being established. Resting energy expenditure
(REE) in patients being fed in this manner is higher than
normal BMR, in proportion to the magnitude of dietary-
induced thermogenesis. This in turn depends on the rate
of feeding and the composition of the feed. Furthermore,
although BMR by definition is measured in an awake,
relaxed and overnight fasted state, patients with disease
may be anxious, unconscious, confused, sedated, or
paralysed. Measurements of REE in patients being
ventilated pose their own problems. For example, a
given percent error in measuring high concentrations of
oxygen can produce several-fold greater errors in
calculated energy expenditure, than at lower oxygen

concentrations?’.

Estimating TEE from BMR (or REE). 'There is very limited
information about the energy cost of physical activity in
disease®"**. Royall et al** estimated the energy cost of
various physical activities in burn patients requiring
ventilation. These activities, which include position
change, suctioning, physiotherapy, face/mouth -care,
family visit, and dressing, increase REE between 0 and
42% above baseline (night and morning) REE. Similar
information exists for other activities undertaken by pre-
operative ambulatory patients®®. The energy cost of sitting,
standing and walking in hospital at a rate of 1.2—
1.5 miles/h was found to be 7, 17 and 145% greater than
REE, respectively. However, TEE expressed as multiples of
BMR may give misleading information about the energy
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cost of physical activity, especially when BMR is markedly
increased by acute disease. Furthermore, it is obvious that
the efficiency with which physical activities are performed
can be reduced by spastic conditions, such as Parkinson’s
disease, Huntington’s chorea, and cerebral palsy. Arthritis,
pain, and deformities are also expected to reduce the
efficiency of undertaking specific physical tasks, especially
when the natural movements are disturbed. However,
quantitative information in this area is sparse.

Total energy expenditure (TEE)

Measurements of TEE. 'TEE in patients with disease can
be measured by continuous indirect calorimetry or tracer
methods, all of which can be regarded as reference
methods. Other methods are also available (activity
monitors, heart rate monitoring), although there have
been few attempts to validate them in different
pathological states'®%.

Interpretation.  Whether measurements of TEE (or
measurements of BMR) are regarded as normal or
abnormal, relative to a healthy group, may depend on
the way in which the results are expressed. This can be
problematic for patients with disease with abnormal body
composition and body proportions, who preferentially
lose or preserve particular tissues or organs (e.g. muscle
wasting in certain neurological conditions). Elia®”
summarised over 20 indices that have been used by
different workers to express energy expenditure (BMR),
including absolute EE, EE per kilogram body weight, EE
per kilogram fat free mass (FEM), EE per m*. In children
these have also been expressed as a percentage of values
obtained in healthy children of the same age or same
surface area or same height. In infants with growth failure,
both the BMR of the body and the tissue specific BMR may
be reduced, while BMRkg ' body weight may be
increased due to preferential preservation of the brain,
which has a high metabolic rate®”. Similarly, TEE may be
low when expressed in relation to values obtained in
children of the same age, and normal when it is expressed
in relation to healthy children of the same weight. TEE
may also be expressed as a ratio to BMR (physical activity
level or PAL) in an attempt to overcome some of the
difficulties associated with comparisons of individuals of
different body weight. However, the hypermetabolic
effect of disease and the hypometabolic effect of weight
loss alter BMR to a greater extent than in health, even
when age, weight and height are taken into account’".
Therefore, PAL values based on measured BMR and
predicted BMR (based on values established for healthy
subjects) can vary widely, especially in acute disease,
which typically increases BMR.

Need to change energy balance. As with energy intake,
energy expenditure does not necessarily indicate the
requirements of the undernourished patient who is in
need of repletion, or the requirements of the over-
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nourished patient, who is in need of depletion of
excess fat.

Although direct measurements of TEE are rarely
undertaken in routine clinical practice, they have helped
establish important concepts about energy requirements
in disease. Some of the practical and theoretical principles
of assessment of energy requirements in pathological
states can be appreciated by considering the simultaneous
changes in BMR, physical activity and TEE produced by
acute and chronic diseases and the ways in which some of
them are calculated.

Acute and chronic diseases

The figures and tables in this section (Figs. 2—5; Tables 1
and 2) are used to illustrate the effects of different acute
and chronic diseases on components of energy turnover.
For patients with chronic disease, who are weight stable,
energy expenditure due to physical activity (EEPA) was
calculated using the following equation:

EEPA = TEE — 0.1TEE — BMR = 0.9TEE — BMR

where 0.1TEE is assumed to represent thermogenesis
(predominantly dietary induced thermogenesis), and
BMR, basal metabolic rate. When there is energy balance,
thermogenesis is also equal to about X 0.1 energy intake,
but the value of 0.1TEE was usually used in the equation
because measurement of TEE by tracer methods in free
living conditions over periods of 1-2 weeks were
considered to be more accurate than measurements of
energy intake (ED. However, in patients who are in
substantial energy imbalance, such as those losing weight
rapidly due to inadequate dietary intake (e.g. see HIV,
rapid weight loss group in Table 1), EEPA was calculated
using the following equation, which incorporates the term
0.1EIL

EEPA = TEE — 0.1EI — BMR

For acute diseases, where continuous energy intake is
provided while measurements of gaseous exchange were
made, energy expenditure at rest is referred to as REE to
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Fig. 2 Approximate time course of BMR chan%es after minor
injury, major injury, and extensive burns (from Elia®®)
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distinguish it from BMR, which is measured at rest in the
post absorptive state (overnight fasted state).

For comparison of results with healthy individuals, most
studies have included a control group involving a small
number of subjects. For an overall comparison of different
studies, use was made of 559 measurements of doubly
labelled water involving healthy subjects aged 13 to over
75 years (259 males and 301 females)??.

Diseases in adults

This section illustrates that both TEE and the energy
requirements of many diseases are decreased, mainly
because of a reduction in EEPA. This reduction in EEPA
can occur because disease produces lethargy and restricts
physical activity (e.g. pain due to claudication — angina
and arthritis are expected to do the same). It also occurs
because treatment, especially in hospital, usually requires
restricted physical activity. Loss of weight will contribute
to the reduction in TEE, partly because it reduces the
energy expended in physical activity, and partly because it
reduces BMR. In most of the chronic conditions examined
in this paper, BMR adjusted for weight is usually normal or
slightly increased (~10%), while in most acute conditions
it is usually increased (0—-50% and occasionally more).
This increase in BMR is counteracted by the decrease in
EEPA, with the overall result that TEE is usually normal or
decreased. More severe acute disease produces greater
increments in BMR and greater reductions in EEPA.

Chronic diseases in adults

Most of the studies on TEE in chronic diseases have been
undertaken in high income countries, rather than low
income countries, which bear most of the worldwide
burden of infectious diseases, including HIV/AIDS.
Although BMR has generally been reported to be normal
or increased in patients infected with HIV, tracer studies
suggest no increase in TEE. One of these' reported that in
subjects who had lost weight because of active disease,
TEE and EEPA were reduced. The weight stable patients
did not have reduced TEE or EEPA. Another study’
selected HIV positive men on the basis of weight stability
for the previous 3 months (<1.5kg weight change),
absence of opportunistic infections, and no change in the
time spent on sports and type of employment in the
previous 2 years. It reported that ‘BMR’ was elevated
(~9%) but neither TEE or EEPA were significantly different
from a control group. In contrast, a preliminary report
involving patients with stable disease” reported a reduced
PAL ratio (TEE/BMR) compared to the control group.
A further study involving subjects with more advanced
disease (80% with AIDS — stage IV disease)®®, found that
BMR was elevated by 5%, while TEE and PAL (1.42 £ 0.14)
were reduced compared to a reference population.
Overall, it can be concluded that patients with early
disease tend to have normal EEPA and TEE, while those
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Fig. 3 The contribution of physical activity to TEE in adult patients with chronic diseases. IBD represents inflammatory bowel disease,
HPN, home parenteral nutrition, and Huntington’s and Parkinson’s refer to Huntington’s and Parkinson’s diseases

with more advanced disease and weight loss have reduced
EEPA and TEE.

A study®® on the effects of treating mild giardiasis in
Mexican children showed no change in BMR and a non-
significant change in PAL (from 1.37 £ 0.2 to 1.54). This is
not surprising because the children had not lost weight or
appetite, and were well nourished. Another study in adult
patients with melioidosis in South East Asia'> showed an
increase in BMR but not in TEE. As a result of this and
studies on protein metabolism in melioidosis it was
concluded that reduced energy intake was likely to be the
prime cause of Wastingls.

Virtually all other tracer studies for measuring energy
expenditure in adults with chronic diseases have been
undertaken in developed countries. It is not surprising that
many of these have involved the elderly, who are more
likely to suffer from chronic disorders, such as claudica-
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Fig. 4 The contribution of physical activity to TEE in adult patients
with acute diseases. The figure was based on Table 2 and values
of TEE obtained by doubly labelled water in healthy free living
subjects in developed countries, which are represented by the
solid and dashed lines (based on Elia et al.*8)
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tion, cancer, and Parkinson’s disease (Table 1). In
degenerative conditions (e.g. atherosclerosis leading to
claudication), BMR is usually normal, whereas TEE and
PAL are often significantly decreased. This decrease in TEE
also implies that energy intake is also decreased. In spastic
disorders or those associated with involuntary move-
ments, such as Parkinsons’s disease, TEE was not found to
be increased, because of a reduction in the energy
expended in voluntary physical activity (Table 1). A similar
situation has been reported in girls with Rett syndrome
(see below), and adults with Huntington’s chorea
(Table D).

Although tracer techniques that measure TEE have had
limited application in patients with malignant disorders,
a study of patients with lung cancer showed a significant

Total energy
expenditure
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Fig. 5 The effect of acute disease on BMR and TEE expressed
as multiples of normal BMR in health. Mean values for TEE/BMR
in groups of healthy subjects ranging from young to old are 1.55—
1.80. The figure was constructed using Fig. 1 and estimates of
TEE obtained from a combination of factorial, tracer and indirect
calorimetric methods (see text)
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increase in BMR and a reduction in TEE, again as a result of
reduced physical activity. Such conclusions in patients
with lung cancer are supported by studies involving
accelerometers'”.

Table 1 and Fig. 3 summarise the overall effects of
chronic diseases on energy expenditure, and generally
show that TEE is normal or decreased. In those with
advanced disease or disease-related weight loss, both
EEPA and TEE are usually decreased, despite a possible
increase in BMR. The weight loss that may occur in such
diseases is more likely to be due to a decrease in energy
intake than an increase in energy expenditure. A possible
exception to this general rule concerns subgroups of
patients with anorexia nervosa, who have been reported
to have increased EEPA and TEE, when adjusted for
weight®®. However, some studies of women with anorexia
nervosa show no increase in TEE, after adjustment for
weight®® (Table 1). When no adjustment for weight is
made, TEE (MJ day V) is likely to be lower than in healthy
women of the same age.

The above results are consistent with clinical obser-
vations. It is well known that energy levels and lethargy
progressively deteriorate with more advanced malignant,
infective and degenerative diseases. It is also known that
some patients with anorexia nervosa remain relatively
active in order to maintain a low body weight.

Acute diseases in adults
Acute diseases increase REE above that predicted for
healthy individuals of the same age weight and height by
up to 100%°’, although usually 0-40% (Fig. 1). Both the
magnitude and duration of the increase are dependent on
the severity of disease (Figs. 1 and 2). The effect of ‘injury’
on BMR is also influenced by age. For example the
increase in BMR after surgery may last a few days after
elective surgery in adults and only a few hours in infants®®.
Acute or sub-acute diseases usually cause a decrease in
lean body mass. Therefore, after the early phase of an
illness BMR may decline below pre-illness BMR before
beginning to return to normal in the recovery phase.
Although it used to be thought that the energy
requirements of acute diseases were increased, concepts
gradually changed over the last 2—3 decades for a variety
of reasons. It was realised that peak BMR was often
measured and inappropriately extrapolated to a much
longer period of time. Many measurements were also
made while the patients were being fed, with the result
that dietary induced thermogenesis was erroneously
attributed to the hypermetabolic effect of disease.
Furthermore, although stress factors due to disease took
into account the rise in body temperature, this rise was
sometimes doubly accounted, so that BMR was over-
estimated by 13% per °C rise in body temperature. Finally,
changes in the management of a number of diseases,
including burns, have reduced morbidity and improved
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the rate of recovery, and at the same time reduced the
magnitude and duration of hypermetabolic state” ",

Table 2 summarises the results of TEE measured by the
doubly labelled water method or by continuous indirect
calorimetry, which has been applied to bed-bound
artificially ventilated patients, e.g. those with head injuries
or other critical illness. Although BMR is frequently
increased, TEE is usually not elevated, mainly because of
the associated reduction in physical activity (Figs 4 and 5).
The overall result is that TEE is normal or even decreased
compared to values obtained in healthy subjects in free
living circumstances. Except for the most severe acute
diseases, such as burns, when TEE may be transiently
elevated above normal®’, TEE is normal or reduced
compared to normal free-living conditions (Fig. 4). Even
patients with critical illnesses in intensive care units (mean
body weight of 70 kg) typically have a TEE of only about
1700—2300 kcal day~". Figure 4 shows the effect of various
acute diseases in reducing TEE relative to the mean values
obtained in healthy free-living subjects. The conclusions
are also supported by estimates of TEE using the factorial
method. For example, activity in pre-operative patients
was found to account for approximately 20% of resting
values. It was reduced to 5% during the first four post-
operative days, 10% during days 5—8, and 15% during days
9-12%. In critical illness the values are often <10% of REE
and TEE (Fig. 4, Table 2).

Diseases in children

Assessment of the energy requirements of children is more
difficult than in adults because of the need to consider
growth and appropriate ways of expressing energy
expenditure. The section below addresses some of these
difficulties, and at the same time illustrates some
overarching concepts of the effects of acute and chronic
diseases’ energy expenditure, which apply to both
children and adults. In particular they illustrate the effect
of disease in reducing EEPA and TEE, which can be
striking in children who are underweight, even after
making adjustments for weight.

Chromnic diseases in children

A doubly labelled water study on energy turnover’ was
carried out in 23 HIV infected children (8M, 15F; 11 with
growth failure) aged 1.3—13.3 years. Energy intake, and
not energy expenditure, was reduced when compared to
expected normal values for age and gender. Another
study” involved 37 HIV infected children, 16 of whom had
reduced growth rates and 21 did not (1.1. = 1.2 vs.
6.6 = 1.1 cm/year). The mean weight of the two groups
was similar (23.1 vs. 23.5kg) but the growth retarded
group was older (8.3 vs. 6.5 years; P < 0.016). Age
adjusted TEE tended to be lower in the growth failure
group (NS), but REE was similar to the control values, after
adjusting for age and FFM. The viral load was inversely
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related to FFM, growth velocity and energy intake. Since
energy intake, and not TEE, was significantly reduced in
growth failure (5.64 vs. 8.31MJday "), the authors
concluded that energy intake may not be adequate to
support the development of FFM. The reduction in energy
intake rather than an increase in TEE, is analogous to the
situation in adults with active disease and weight loss,
which were discussed above'~.

Several studies have examined the effect of cerebral
palsy on TEE'*>* One of these'? involved nine children
(5M, 4F; six spastic diplegia and three spastic tetraplegia)
with a mean age of 10.7 years, weight 38.6 kg, and BMI 19.
6kgm™? Mean TEE was only 7.4 MJ day ' (~0.19MJ kg~ "
per day), and so the ratio of TEE/‘REE’ was also reduced at
1.28. Although the spastic condition may elevate ‘REE’,
predicted BMR using the FAO/WHO/UNU equation
(based on mean weight of the group) is within 10% of
‘REE’. Therefore, it is reasonable to conclude that TEE in
this group of children was reduced, predominantly
because of a reduction in voluntary activity. Another
study involving children aged 15-20 years came to a
similar conclusion, but it also analysed the results
according to ambulation®. For the group as a whole
TEE and TEEkg ' were significantly reduced (REE was
103% of the BMR predicted by the FAO/WHO/UNU)*.
The non-ambulatory group had a significantly lower TEE/
REE (1.23) than the ambulatory group (1.79) and the
control group of subjects (1.76). Despite greater spasticity
in the ambulatory patients, voluntary physical activity was
disproportionately reduced so that total EEPA was
reduced. Such findings are confirmed by studies in adult
patients with cerebral palsy (estimated EEPA, 16% (non-
ambulatory patients) vs. 25% of TEE (ambulatory
patients)*'. The largest study® on TEE in patients with
cerebral palsy involved 61 children with spastic quad-
riplegia and growth retardation (mean age, 10.3 years and
weight 18.8 kg (Z-score — 2.5)). REE was 91% of the BMR
predicted by the FAO/WHO/UNU equation™. TEE, TEE/
REE and TEEkg ™" were all significantly lower than those
obtained in a younger group of control subjects with a
mean age of 6.2 years and mean weight, 22kg (4.03 vs.
6.93MJday *; 1.23 vs. 1.57; and 0.21 vs. 0.31 MJ kg™ * per
day, respectively). The overall conclusions emerging from
these studies do not support earlier suggestions of high
energy requirements in cerebral palsy''?. Difficulties
with eating and swallowing are probably major causes of
growth failure in this population of subjects.

One of the first studies of TEE in cystic fibrosis®
involved nine children (4M, 5F) aged 0.7-2 years.
TEEkg ', but not TEE, was significantly increased
compared to age and age plus weight matched control
subjects (no indication of sex matching). Measurements of
BMR were not made in this study. Another study™
investigated 13 patients aged 8—24 years (7M, 6F) and
compared them to a control group of subjects of similar
age and sex (but not weight). The patient group had an

https://doi.org/10.1079/PHN2005795 Published online by Cambridge University Press

1045

elevated REE, but TEE and TEEkg ™' were similar to the
values obtained from the control group. It was concluded
that in free-living conditions patients with cystic fibrosis
compensate for the increase in REE by reducing the energy
expenditure associated with voluntary physical activity.
Yet another study*® examined the effect of genotype on
TEE in 25 children with cystic fibrosis aged 6.1-9.5 years.
For the patient group as a whole, BMRkg™ ' was
significantly higher than the control values, obtained
from healthy subjects of similar age, weight and sex ratio
as the patient group. BMR, TEE, TEEkg ™' and TEE/BMR
were not significantly different from the control values. For
the subgroup of children with the FO8 homozygous
genotype, TEE, BMR and TEE/BMR were elevated after
adjusting for weight.

Overall, it seems that although children with cystic
fibrosis may have an increase in BMR, TEE is often not
elevated, except in a subgroup of children with a
particular genotype. The cause of the elevated BMR is
uncertain but it may be due to mild chest infections,
increased work of breathing, or some other unknown
metabolic defect. Since children with cystic fibrosis
commonly have pancreatic insufficiency and malabsorp-
tion, the dietary energy intake may have to be increased.
However, pancreatic enzyme replacement therapy can
reduce the extent of malabsorption considerably.

Energy turnover in children has also been studied in a
range of other chronic conditions, including the following:

e Sickle cell disease®. Children with a mean age of 11.3 kg
(Z-score —0.8) were compared with a control group
with similar mean age but higher weight, weight
Z-score, and percent fat. Although TEE was lower in
patients with sickle cell disease, the difference was not
significant, either before or after adjusting for weight.
REE was elevated by 11% in patients with sickle cell
(after adjusting for weight), while EEPA was significantly
reduced (but only before adjustment for weight).

e Cyanotic congenital heart disease™ ™" Two studies”’
used control values from the literature and reported no
increase in TEE in children aged 4—36 months. Another
study™ using control groups of subjects reported a
significant increase in TEE and TEE kg™ at 3 months but
not at 2 weeks. REE remained normal at both time
points. A further study by the same investigators
reported an increase in TEE (k] kg™ ! per day) and ratio
of TEE/BMR in 4 month old infants with a ventricular
septal defect, compared to a control group of infants of
a similar age. They suggested that the energy cost of
physical activity may be substantially increased, so that
the infants are unable to meet their increased energy
demands, with resulting growth retardation.

e Prader Willi syndrome™. The study involved obese
patients aged 8-24 years. TEE and EEPA are low,
compared to another group of obese individuals not
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suffering from the Prader Willi syndrome. BMR was also
low, predominantly because of low FFM.

e Rett syndrome®'. This neurodevelopmental disorder
affects only girls and produces involuntary movements
and growth retardation. TEE was not found to be
increased. Although girls with Rett syndrome (mean age
6.2 years) spent more waking hours in physical activity
than the healthy controls of similar age, the repetitive
movements were not sufficiently strong to increase TEE.

e Chronic lung disease during dexamethasone treat-
ment>*. The young infants in this study did not have
increased TEE or energy intake.

o Myelodysplasia®®. In this study involving individuals
aged 13—24 years, REE was significantly reduced by 8%
below that predicted by the FAO/WHO/UNU equation
for BMR. TEE/REE was also significantly reduced,
especially in the non-ambulatory group (1.20 vs. 1.76
(control group)?. The group also had low FFM, REE
and TEE compared to the control group.

Apart from occasional exceptions, such as subgroups of
patients with cystic fibrosis and some children with
congenital heart disease, most chronic conditions do not
produce an increase in TEEkg !, despite a possible
increase in BMR. The general situation is analogous to that
observed in adults.

Acute diseases in children

Eighteen children aged 2—16 years with burns (mean age,
7.8 years; weight, 32.2kg; 60 * 23% body surface area)
were studied for 6—7 days beginning on 24 = 18 days
postburn®. The mean TEE/REE (7 = 8) was 1.18 + 0.17,
and TEE/BMR predicted (Harris Benedict equation) was
1.33 + 0.27 (n = 18). TEE was only 6.72 = 2.92MJ day "
Therefore, as in adults, TEE was not increased (actually
decreased) because of the reduction in EEPA.

Another study?’ measured energy expenditure for 7
days before and 7 days after surgery for congenital heart
disease in children aged 7-33 months using the doubly
labelled water method. Preoperative values were signifi-
cantly higher than post-operative values subjects (0.49 vs.
0.32 M]J/kgFFM/day), and similar to those obtained from a
control group of subjects (0.46 MJ/kgFFM/day), who had
similar mean age as the children with disease. Other
studies mentioned below used control groups with similar
weight, but not similar age, as the patient group.

The limits of physical activity and the effect of
exercise on the components of energy turnover in
health and disease

The first section below summarises the extent to which
TEE and EEPA can increase in healthy subjects undertaking
extreme physical activity, so that it can be contrasted with
the extreme inactivity of disease. Under extreme physical
exertion TEE can rise up to 25-30MJday ', which

https://doi.org/10.1079/PHN2005795 Published online by Cambridge University Press

M Elia

contrasts with disease states, where it usually decreases to
6-12MJday~'. Under extreme physical exertion EEPA can
account for up to about 60% of TEE, in comparison with
severe acute diseases, where it may account for <10% of
TEE. Intermediate values are found in chronic diseases and
healthy free-living subjects.

The second section below considers the extent to which
the increase in energy expended in exercise is compen-
sated by a reduction in discretionary physical activity in
inactive to moderately active subjects. It also considers the
extent to which an increase in TEE is associated with a
compensatory increase in food intake, which will limit loss
of body weight. Studies in disease are unfortunately
limited.

The limits of physical activity

A few doubly labelled water studies have been performed
in healthy adults undertaking extreme physical activi-
ties%_(’z, such as hard manual work54’55, military
training™®, and sports activities®’ %% (Table 3). In some of
these studies energy intake did not match energy
expenditure, with the result that subjects were in negative
energy balance. In the Mount Everest expedition regional
fat mass decreased while muscle mass was spared. The
highest energy expenditure was that observed in two
Arctic explorers, who had a TEE of over 40 MJ day ' and
PAL values of over four during part of the expedition. Both
subjects lost a considerable amount of weight because of
limited food supplies (Table 3).

The energy expended in intense agricultural activities or
other heavy manual work has been studied in Gambian
men, who were reported to have PAL values of 2.4 and
2.97, respectively’®>. The latter value may have been
higher than under normal circumstances because financial
rewards may have increased work output. However, such
high activity levels can also be inferred from other studies,
such as those undertaken in lumberjacks, who regularly
recorded energy intake of up to about 33 MJ day .

These studies with high TEE and PAL values (range
~2-4) contrast with the decrease in physical activity
observed in acute (PAL values 1 ~ 1.25 in the early phase)
and chronic diseases (1.25-1.9, but mostly <1.5 in severe
diseases). The studies involving adult patients with disease
were largely carried out in high income countries, where
the control values usually ranged from ~ 1.4 to 2.0 (mostly
1.6—1.8). The ‘normal’ values may be higher in low
income countries, at least during periods of active
agricultural activities. Five studies®*>>%17% in which PAL
values could be calculated from non-pregnant non-
lactating adults before supplementation or other interven-
tions, yielded the following mean PAL values: 1.96
(Bolivia®), 1.97(Gambia®), 1.87(Guatemala®), 2.40
(Gambia®®; Table 3) and 2.98 (Gambias/*; Table 3))
(mean 2.31 * 0.63; n =55). Although the variability in
TEE may have a genetic component, much of it is probably
environmental since Pima Indians in Arizona (USA) have
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been reported to have much greater PAL values than those
in Mexico, where a greater proportion of time is spent on
occupational activities (1.57 vs. 1.97)°7.

The effects of exercise on the components of energy
turnover in bealth and in disease

Despite the large literature on the effect of physical activity
and exercise on energy homeostasis, few studies have
examined the components of energy turnover in free-
living conditions, or body composition before and after
introduction of a training programme that lasts for at least a
few weeks. Analysis of such studies can be used to assess
the extent to which an increase in energy expenditure
induced by exercise is compensated for by decreased
discretionary activities between bouts of training, and the
extent to which dietary intake compensates for an energy
deficit induced by the exercise. To address these issues in
healthy subjects an analysis of five studies was under-
taken®®~72 to add to previous assessments® 3. Details of
the studies are shown in Table 4. Three studies®®®*7!7?
involved young to middle aged adults, one involved obese
children aged 10—11 years’®, and one healthy elderly
subject’?. The type of training schedule varied (jogging,
cycling, weight training) as did its duration (4—40 weeks).
The following emerged from the analysis:

1. TEE expenditure increased in all studies (significant in
all studies except the elderly study) and generally to a
greater extent in those studies that were associated
with a higher energy cost of training. The ratio of TEE
to sleeping energy expenditure (or TEE to REE) also
increased, except in the elderly study where there was
a decrease from 1.51 to 1.40. Despite these changes
there was a significant increase in maximum O,
consumption (VO, max) in the elderly subjects.

2. Basal energy expenditure (BEE; sleeping or REE) did
not change, except in the elderly study, where there
was a 10% increase in REE, for unknown reasons.

3. None of the studies, except the elderly study, showed a
reduction in the energy cost of discretionary or
voluntary activities, which took place between
exercise schedules (i.e. the training added to rather
than replaced the energy cost of physical activity).

4. Energy intake increased in all studies, apart from the
elderly study, corresponding to ~50-80% of the
increase in TEE. In the elderly study a small reduction
in energy intake (~0.3MJ day ') accompanied a small
increase in TEE (0.27 MJ day ™ 1.

5. Body weight was typically unaltered. Although the
mean change was within the range +0.5 to —0.9kg,
this resulted from a decrease in fat mass (—0.04 to
—0.9kg) and an increase in FFM (4-0.8 to +2.1kg).

From these studies it is suggested that a change in body
weight is not a good indicator of changes in energy
balance, because a reduction in fat mass is compensated
by an increase in FFM, which is most likely to be due to an
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increase in muscle bulk. The changes in TEE induced by
the training were not large (0.3—2.8MJday ) despite
adding to and not replacing the energy cost of routine
physical activities. A compensatory increase in dietary
intake (generally corresponding to a 50—75% increase in
TEE) is likely to have limited the negative energy balance
which was associated with a total mean loss of <1kg of
body fat during the period of training (4—40 weeks). The
time course of these compensatory changes is unknown.
The results of the elderly study’? are generally different
from the other studies and therefore it is necessary to
confirm or refute the observations using a different cohort
of patients. A more recent study’* involving resistance
training for 26 weeks in older adults aged 61-77 years is at
variance with the findings cited here’?. They showed a
significant increase in TEE and a borderline significant
increase (not decrease) in the energy expended in non-
training physical activity. There is little information on the
effects of exercise training in patients with disease.

However, a study in patients with heart failure”
reported no increase in TEE following an exercise
programme, presumably because of a reduction in
discretionary activities. It is difficult to generalise on the
basis of this study. There is a need to establish similar
information in other diseases and consider the effects of
age and obesity.

Some general perspectives on energy requirements

The analysis presented in this paper has focused on recent
studies that have measured TEE using tracer methods
(doubly labelled water and bicarbonate urea) and 24-hour
continuous indirect calorimetry in patients with a range of
conditions: infective, degenerative, malignant, traumatic,
congenital and others. TEE is usually normal or reduced,
partly because of a reduction in body weight and FFM
(disease-related malnutrition or neurological causes of
wasting), and partly because of reduced physical activity.
The reduced physical activity compensates for any
increase in BMR, which is common in acute diseases.
There are some exceptions, such as subgroups of patients
with cystic fibrosis, anorexia nervosa, and congenital heart
disease, where TEE has been reported to be increased.
Such patients are often underweight, and therefore weight
adjustments are necessary to demonstrate differences
compared to control groups. Without such adjustments,
TEE is again typically not increased.

In making recommendations about energy require-
ments in disease there is a need to consider not only the
energy required to maintain energy balance, but also the
energy required to change body composition at different
rates in both under-nourished and over-nourished
patients. This paper did not consider energy turnover in
overweight and obese individuals. It also did not consider
the extent of malabsorption, which may complicate a
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variety of diseases. Recommendations about the rate of
repletion were also not considered here.

The lack of accurate information on TEE in a large
number of diseases, does not allow a comprehensive
assessment of the field, especially in low income
countries, where the type of diseases and their treatment
differ from high income countries. Therefore, any
recommendations about energy requirements should
take into account alternative approaches to those
presented in this paper, including clinical perspectives.
The extent to which disease-related malnutrition should
be treated (especially when it is a consequence of
incurable disease) can be controversial, and attitudes may
vary in different countries.

The distinction between health and disease is not
always clear cut. For example, growth failure is common
in low income countries and may persist despite adequate
availability of food. The frequent presence of an acute
phase response®, including elevated circulating concen-
trations of acute phase proteins, cytokines, immunoglo-
bulins, and cortisol, suggests that there is an underlying
inflammatory condition. For example, about a quarter of
children in developing countries have elevated acute
phase proteins and circulating cytokines, and these may
occur in the absence of overt signs of disease®. The
boundaries between health and disease need to be
defined because dietary energy and protein recommen-
dations may depend on the presence or absence of
disease/inflammatory conditions.

The proportion of older individuals in the population is
increasing in both low income and high income countries.
The incidence of many diseases and disabilities also
increases with age®?. For example, in the UK 39% of
individuals aged 65-74 years and 48% of those over 75
years have a long-standing illness limiting activity’. If
nutritional recommendations are provided only for
healthy individuals, they will miss large segments of the
older population.

Although tracer methods for measuring energy expen-
diture in free-living conditions have provided valuable
information about energy requirements in health and
disease, most studies have not involved a random
selection of subjects. This raises the possibility of biased
results for both patients/control groups. The same
criticism can be raised against most tracer studies assessing
‘normal’ TEE in health. Therefore, complementary
alternative studies involving a random selection of subjects
should be considered.
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