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Abstract Respiratory chambers are the current gold standard for assessing human energy
expenditure and substrate utilization over a long period of time (several hours to several days),
based on oxygen consumption, carbon dioxide production, and urinary nitrogen excretion.
Analysis of human energy metabolism using a respiratory chamber provides information about
the total energy expenditure (TEE), sleeping metabolic rate (SMR), resting metabolic rate, diet-
induced thermogenesis (DIT), activity-induced thermogenesis (AIT), and substrate oxidation.
In this review, we describe the theoretical underpinnings of the respiratory chamber, as well as
the measurement reproducibility and applications as study endpoints for indirect calorimetry. In
humans, the coefficients of variation in energy expenditure and substrate utilization were esti-
mated by 24-h repeatability studies. Under the appropriate conditions, the coefficients of varia-
tion for TEE were 1% to 5%, SMR was around 1%, DIT was around 40%, AIT was around
10%, and substrate oxidation was around 5%. Factors that impact energy expenditure and sub-
strate oxidation have been reported, and future weight changes can be predicted based on the
24-h respiratory quotient and substrate oxidation. As the 24-h energy expenditure and substrate
oxidation are affected by the 24-h energy balance, it is important to consider the subject’s ener-
* gy balance prior to and during calorimetry. Accurate measurements of energy and substrate bal-
ance {intake minus utilization) will contribute to a better understanding of the conditions that
lead to changes in body weight. Properly obtaining measurements using a respiratory chamber
requires a thorough understanding of the measurement principles and calculation methods, as
well as an appropriate protocol.
Keywords : indirect calorimetry, coefficient of variance, energy balance, energy expenditure com-
ponents, substrate oxidation

Introduction

Interest in measuring energy metabolism has intensified
worldwide in recent years due to the increase in obesity
and diabetes research”. Elucidation of the pathogenesis
of obesity and diabetes will require a detailed understand-
ing of the role of energy metabolism®”. The methods of
measuring energy metabolism in humans include direct
and indirect calorimetry. Indirect calorimetry has become
mainstream, however, due to the relative convenience of
the devices and the increase in the number of research
facilities around the world. The use of Douglas bags,
facemasks, ventilated hoods (canopies), and whole-body
calorimeters for indirect measurements of respiratory gas
exchange depends on the objective of the research. For
short-term measurements of energy metabolism, Douglas

*Correspondence: hibi.masanobu@kao.co.jp

bags, facemasks, and ventilated hoods are sufficient. For
longer-term measurements, however, whole-body calo-
rimetry is performed using a room-type metabolic cham-
ber/respiratory chamber to measure energy metabolism by
continuously monitoring oxygen (O:2) and carbon dioxide
(CO») concentrations. Changes in the measured O: and
CO: concentrations allow for a subject’s metabolism to be
calculated as O» consumption (VO:) and CO; production
(VCOy). VO,, VCO,, and urinary nitrogen excretion (N)
allow for the calculation of energy expenditure as well as
the simultancous calculation of substrate utilization. The
ability to measure energy expenditure and substrate uti-
lization with a high degree of accuracy and continuously
over a long period (~24 h) is the unique advantage of the
respiratory chamber. The advantages and disadvantages
of measurements using a metabolic chamber, described
previously by Murgatroyd et al.”, are listed in Table 1.
Although it has been nearly 20 years since the report
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Table 1. Advantages and disadvantages of a respiratory chamber (modified from Murgatroyd et al.*)

Advantages

Disadvantages

Accurate and precise
Fast-responding

Provides information about substrate utilization
Good environment for strictly-controlied studies

Much world-wide expertise

Expensive

Artifical environment;
limitation of physical activity

Requires careful design, engineering and
computing

Not easy to combine with invasive
measurements

by Murgatroyd et al.” was published, the basic features
remain essentially the same today. The objective of the
present review is to describe the theory, methodology, and
measurement variation of the respiratory chamber, and
to discuss the current trends and future aims of research
related to measurements using a respiratory chamber and
their significance.

Principles of measurements in a respiratory chamber

Pettenkofer developed the first human respiratory cham-
ber in the 19th century. Since then, significant progress
has been made in terms of implementing more advanced
gas analyzers, data acquisition systems, and computing
to facilitate measurement and improve response time*”.
The typical respiratory chamber is a small airtight room
with a volume of 15,000 to 30,000 liters, and with strict
control of the temperature, humidity, and air flow rate.
The chamber contains facilities for living, such as a bed,
desk, chair, TV, telephone, toilet, and washbasin (Fig. 1).
Subjects are allowed to exercise using a treadmill, bicycle
ergometer, or other equipment. Meals and beverages are
passed to the subject through an air-locked pass box, and
fecal and urine samples from the subject are passed out
through another pass box. Subjects remain in the room
from several hours to several days, and follow daily life
activities similar to their free-living activities.

Respiratory chambers based on indirect calorimetry
were recently developed to measure the energy expendi-
ture and substrate oxidation in humans. Indirect calorim-
etry is a simple measurement method that quantitatively
measures O: and CO;: concentrations from a subject’s
gas exchanges”. Early respiratory chambers comprised a
sealed system called a closed-circuit design, but the ma-
jority of modern devices employ an open-circuit design.
The basic measurement concept of an open-circuit de-
sign respiratory chamber is the same as that of metabolic
carts, such as facemask or hood systems. Qutside air is
continuously supplied to the respiratory chamber, mixed
within the chamber so that it becomes uniform with the
air breathed out by the subject, and drawn from the outlet.
The flow rate, and O» and CO: concentrations at the inlet
and outlet are continuously measured using a magnetic Oz
sensor, infrared CO: sensor, or mass spectrometer.

Fig. 1 The pull-type respiratory chamber based on open-circuit
indirect calorimetry located at Kao Corporation. Upper
photograph shows the exterior view of the respiratory
chamber. Lower photograph shows the interior of the re-
spiratory chamber, which includes a desk, chair, TV, CD
player, toilet, and bed.

A detailed analysis of the gas (02 and CO:) exchange in
open-circuit indirect calorimetry was reported by Brown
et al.” in which they derived equations for calculating a
subject’s VO, and VCO: in an open-circuit pull-type indi-
rect calorimeter:

Re = Fofao(foo/fvze — foiffaa) + Vd/di(feo) — foilfaaiVd/
dl‘(f?\ln)
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where F is the flow rate in /min, fis fractional concentra-
tion, R is rate of gas production in I/min, t is time in min,
V is chamber volume in liters, i is incoming, o is outgo-
ing, and G is any gas (volume and flow rate were as-
sumed to be corrected to standard temperature, pressure,
dry [STPD]). Several groups have developed algorithms
based on fundamental equations that yield an improved
transient response and suppress measurement noise in the
respiratory chamber®™*'”. Various factors can introduce
error into actual measurements, however, such as tem-
perature, humidity, and air pressure. To eliminate these
error factors, it is important to compare the results against
standard values obtained with devices using a gas infu-

sion test or alcohol combustion test'".

Calculation of energy expenditure and substrate utili-
zation

The VO,, VCO:, and protein oxidation (P) estimated
from N of a subject (P = 6.25*N), while in the respiratory
chamber, are used to calculate the subject’s energy ex-
penditure and substrate utilization. Several formulas are
available for determining a subject’s energy expenditure,
but the most commonly used formula is that used by Weir
etal.”?.

Energy expenditure (kcal) = 3.941% VO, (L) + 1.106*
VCO; (L)-2.17*N (g)

Protein correction is equal to a deduction of 1% when
12.3% of the total calories come from P and, therefore, is
estimated with the following formula:

Energy expenditure (kcal) = 3.9% VO, (L) + 1.1* VCO,
@®)

With the exception of special cases, P is similar to protein
intake, and thus this formula can be used in almost all
cases. Another formula used to calculate energy expendi-
ture is that developed by Brouwer et al."”,

The formula used to determine fat and carbohydrate
(CHO) oxidation varies depending on the researcher;
however, in general, the formulas are based on the respi-
ratory quotient (RQ: RQ = VCO: / VO,). The RQ ranges
from 0.7 to 1.0 in humans; CHO oxidation is greater as
RQ approaches 1.0, and fat oxidation is greater as RQ ap-
proaches 0.7.

Equation from Jequier':

CHO oxidation (g) = 4.113* VCO: (L) - 2.907* VO: (L)
- 0.375*P (g)

Fat oxidation (g) = 1.689* VO, (L) - 1.689* VCO, (L) -
0.324*P (g)

Equation from Brouwer'”:
CHO oxidation (g) = 4.170* VCO; (L) - 2.965* VO, (L)

- 0.390*P (g)
Fat oxidation (g) = 1.718* VO, (L) - 1.718* VCO: (L) -
0.315%P (g)

Equation from Livesey & Elia'®:

CHO oxidation (g) = 4.650% VCO, (L) - 3.311* VO (L)
-3.518*N (g)

Fat oxidation (g) = 1.720% VO (L) - 1.720* VCO: (L) -
1.776*N (g)

Equation from Ferrannini'”:

CHO oxidation (g) = 4.55% VCO: (L) - 3.21* VO: (L) -
2.87*N (g)

Fat oxidation (g) = 1.67* VOs (L) - 1.67* VCO: (L) -
1.92*N (g)

The difference between each formula is the difference
between the VO, and the VCO; used for each nutrient in
the tests. For example, the RQ is the same for glucose and
starch, but the VO, and VCO; differ. Samples contain-
ing fats and proteins also have different VO, and VCO:
values. The equation for measuring substrate oxidation
should be selected based on consideration of the dietary
constituents. In addition, indirect calorimetry can be
combined with other research methods. For example,
tracer techniques can be used with a respiratory chamber
to measure the oxidation turnover rate of various sub-

strates'®".

Assessment of physical activity in the respiratory cham-
ber

Spontaneous physical activity of subjects in the respira-
tory chamber can be measured with a radar system based
on the Doppler effect (Doppler radar*”) or microwave®”,
The radar system records the amount of activity as the
ratio of activity per unit time over a certain interval rather
than as a continuous record of activity intensity. Records
of the amount of activity in the respiratory chamber are
important for identifying abnormal activity in the cham-
ber and for calculating the constituents of energy expen-
diture outlined below. In a number of recent cases, this
radar system was replaced with, or run simultaneously
with, an advanced accelerometer to measure the subject’s

activity™ .

Applications

Total energy expenditure. Total energy expenditure
(TEE), also referred to as daily energy expenditure, is
the simplest measurement value commonly applied in
research using the respiratory chamber, and is considered
one of the most appropriate endpoints for this measure-
ment method. The reproducibility of TEE has been vali-
dated by repeated studies”***¥. The coefficient of varia-
tion (CV) obtained with repeated measurements from
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an individual subject using a respiratory chamber over a
24-h period ranges from 1% to 5%. Spontaneous physical
activity is limited in the respiratory chamber, which may
explain the low CV of 24-h TEE™. Although, the CV for
spontaneous physical activity in the respiratory chamber
is around 8% to 10%*"7*", the CV for 24-h TEE is essen-
tially the same after adjusting for day-to-day differences
in spontancous physical activity®®.

TEE measurement using a respiratory chamber is the
most accurate method of measuring energy balance (en-
ergy intake minus energy expenditure) and is used to
describe changes in body weight’'**. The features of the
respiratory chamber are used to study the effects of con-
trolling food quantity and quality, exercise, drugs or food
ingredients, and environmental factors (temperature and
humidity)”. In addition to subjects suffering from obesity,
identified by clear increases in body weight, TEE can also
be measured to estimate changes in body weight in sub-
jects with Alzheimer’s Disease®, Huntington’s Disease™,
hyperthyroidism®”, diabetes™, and a range of other dis-
eases.

Components of total energy expenditure (resting metabol-
ic rate, diet-induced thermogenesis, and activity-induced
thermogenesis). Energy expenditure can be categorized
into three main constituents based on information regard-
ing the amount of activity simultaneously measured in
the respiratory chamber: basal metabolic rate (BMR),
diet-induced thermogenesis (DIT), and activity-induced
thermogenesis (AIT)”. A linear graph of energy expen-
diture, calculated over a 15- to 30-min time period, is
plotted against the amount of activity measured using the
radar system within the same time period, and the resting
metabolic rate (RMR) is then obtained by extrapolating
the interception point when the amount of activity is zero.
AIT is calculated by subtracting the RMR from the TEE,
while DIT is calculated by subtracting the BMR from the
RMR (Fig. 2). BMR, the largest component of TEE com-
prising 60% to 70%, is the energy expenditure of an indi-
vidual after a 12- to 14-h overnight fast during a period of
physical rest in a thermoneutral environment, and reflects
energy use for such basic functions as maintenance of the
human body. Frequently, “resting energy expenditure”
is measured in preference to BMR. Resting energy ex-
penditure is quantitatively similar to the BMR, but is not
subject to all the exacting requirements of BMR'. BMR
is usually measured using metabolic carts with hoods
or masks, but there are reports that similar CV has been
identified during BMR measurements using a respiratory
chamber (CV = 5.0%)*". Compared to TEE, however,
BMR is less reproducible and has a significantly larger
CV?'. The lower degree of reliability for BMR is thought
be related to the short time period of measurement™.
DIT, a term commonly used to describe the thermic
effect of food, is defined as the increase in energy ex-
penditure after food ingestion, and is calculated using

the measurement for resting energy expenditure after
eating’. DIT is measured using a respiratory chamber
according to the method of Schutz et al.’””, as described
above; the reproducibility of this method within individu-
als is 43% to 48%"*”. The reproducibility is low com-
pared to that of measurements obtained using a metabolic
cart (6% to 30%)**?, possibly related to methodologic
issues. Measurements made using a respiratory chamber
can be obtained over a long period of time and are based
on a continuous stream of data. Therefore, this method is
extremely valuable for obtaining DIT information, and
improved DIT measurement methods were recently re-
portedzz‘“).

AIT is the index of energy expenditure resulting from
activity in a respiratory chamber. As the respiratory cham-
ber has limited space, the AIT is lower compared to that
during a normal non-restricted lifestyle; however, it is re-
ported to correspond to activities conducted without any
restrictions in day-to-day life*”. AIT can be categorized
as exercise energy expenditure and non-exercise activity
thermogenesis, which is derived from activities based on
day-to-day life*”. Exercise energy expenditure involves
measurements with many changes over a short period of
time, so using a mask or Douglas bag is considered ideal;
however, respiratory chambers are used to observe sub-
sequent changes over a long period of time. Non-exercise
activity thermogenesis is one of the constituents of energy
expenditure that varies most between individual subjects
and is considered a major factor for determining energy
balance.

Sleeping Metabolic Rate. Measuring sleeping energy
expenditure is one of the major features of a respiratory
chamber. The sleeping energy expenditure of subjects
can only be measured with a respiratory chamber under
conditions that are similar to daily life without affect-

Energy Expenditure
{kcal/min)

1.75 ¢

1.25 : *
0 20 40 60

Activity by radar (%)

Fig. 2 Evaluation of diet-induced thermogenesis (DIT) and
activity-induced thermogenesis (AIT) from total
feeding over the day in a respiratory chamber (modi-
fied from Schutz et al.?”). DIT was estimated as
the difference between energy expenditure without
physical activity and basal metabolic rate (BMR).
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ing sleep”™”. Sleeping energy expenditure decreases

by around 10% compared to resting®™, likely due to the
decrease in energy cost of arousal. Sleep among humans
is generally categorized into rapid-eye-movement (REM)
or non-rapid-eye-movement (NREM); and NREM sleep
is categorized into stages 1 to 4*”. A constant relationship
is observed between the categorized stages of sleep and
energy expenditure. Studies using a facemask, ventilation
hood, or small sleep-calorimeter have demonstrated lower
energy expenditure during deep NREM sleep (stages 3
and 4) compared to that during REM or stages 1 and 2
NREM sleep™**. In studies using a facemask, ventilation
hood, or small sleep-calorimeter®”, the measurements are
conducted under extremely restrictive conditions. Katay-
ose et al.>” reported higher energy expenditure for REM
sleep than deep sleep using a respiratory chamber, even
with sleep under conditions similar to a natural environ-
ment.

There are numerous methods available for calculating
the sleeping metabolic rate (SMR). SMR can be calcu-
lated as the lowest energy expenditure value over a period
of 3 hours of continuous sleep’”, as the energy expendi-
ture during the time period when the amount of activity is
the lowest’”, or as the morning energy expenditure when
waking consciousness is at its lowest™.

As SMR is not affected by activity within the body, it
has a high degree of reproducibility depending on the
calculation method, and is a vital measurement in long-
term intervention trials. Long-term calorie intake restric-
tion can reduce energy expenditure and lead to longer life
in rodents™*”. Calorie intake restriction in humans also
leads to a reduction in both 24-h TEE and SMR, after
adjusting for fat-free mass, and improvement of some
biomarkers has been demonstrated®”’. Timmers et al.*”
reported that a 30-day continuous administration trial of
resveratrol decreases SMR, having an effect similar to
calorie restriction. In those trials, they used a respiratory
chamber to measure both TEE and SMR, and changes in
these values were considered to be important endpoints.

Substrate oxidation. Long-term continuous quantitative
measurements of substrate utilization are characteristic of
measurements using a respiratory chamber. Protein oxida-
tion calculated from a subject’s urinary nitrogen excretion
and the subject’s VO and VCO, measured in a metabolic
chamber can be used to calculate the RQ, fat oxidation,
and CHO oxidation. Toubro et al.*® reported the repro-
ducibility of 24-h substrate oxidation in repeated mea-
surements of an individual subject. CV is 0.8% for RQ,
6.7% for fat oxidation, and 5.6% for CHO oxidation, if
dietary conditions are completely controlled before mea-
surements are conducted. The 24-h substrate oxidation is
mainly affected by the food quotient for the period before
the measurements are obtained in a respiratory cham-
ber®™. Accordingly, the reproducibility of 24-h substrate
oxidation, in repeated measurements of an individual

subject when dictary conditions are not controlled prior
to measurements, is worse with a CV of 2.6% for RQ,
24.9% for fat oxidation, and 15.3% for CHO oxidation.*”
It is important that subjects maintain their achieved en-
ergy balance when estimating substrate oxidation while in
the respiratory chamber’®®*%,

The most important information related to substrate oxi-
dation in humans was reported by Zurlo et al.*”, who stat-
ed that the 24-h RQ can be used to predict weight change.
A 24-h RQ measurement, using a respiratory chamber in
Pima Indians without diabetes, was positively correlated
with body weight after 25 months; and subjects with low
daily fat availability were predicted to have increased
body weight in the future. Pannacciulli et al.®® also ob-
served a correlation between 24-h RQ and CHO oxidation
and subsequent amount of ingestion, and postulated this
as the mechanism for increases in body weight.

A small positive energy balance (50 ~ 100 kcal) in
free-living life can increase body weight over the long-
term®. The use of respiratory chambers to accurately
measure energy balance can contribute to elucidating the
conditions that lead to changes in body weight, includ-
ing obesity. Measurements obtained using a respiratory
chamber, however, are plagued by methodologic prob-
lems, excessive errors, and incorrect measurement results
related to measurement protocols®. To properly obtain
measurements using a respiratory chamber, measurement
principles and calculation methods must be thoroughly
understood, and an appropriate protocol used. For over
a century, energy expenditure measurements have been
made using respiratory chambers, and the methods used
continue to evolve. Proper utilization of these measure-
ment devices and a better understanding of their disad-
vantages will facilitate new findings.
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Summary For energy of Dietary Reference Intakes for Japanese (DRIs-J), the concept of
Estimated Energy Requirement (EER) is applied. The EER has been established as an index
for individuals and groups. The definition of EER for individuals is “habitual energy intake
in a day which is predicted to have the highest probability that energy balance (energy in-
take—energy expenditure, in adults) becomes zero in an individual of a given age, gender,
height, body weight, and level of physical activity in good health.” In contrast, the definition
of EER for a group is “habitual energy intake in a day which is predicted to have the high-
est probability that energy balance (energy intake—energy expenditure, in adults) becomes
zero in a group.” The EER is calculated as follows: EER (kcal/d)=basal metabolic rate (BMR)
(kcal/d)X physical activity level (PAL). Representative values for BMR per kg body weight
are determined based on a number of reports for Japanese. This is called the reference value
of BMR (reference BMR). Total energy expenditure measured by the doubly labeled water
(DLW) method is utilized to determine PAL for each sex and age group. For adults, physical
activity levels are determined based on data for Japanese adults. For children, energy deposi-
tion is added to the total energy expenditure. For pregnant and lactating women, additional
values compared to EER before pregnancy for each stage of pregnancy and during lactation
are calculated. Excess post-exercise oxygen consumption is not added to calculate EER in
addition to energy expenditure during physical activity.

Key Words estimated energy expenditure (EER), total energy expenditure, basal metabolic
rate (BMR), physical activity level (PAL), doubly labeled water method

Background Information

Daily energy expenditure (total energy expenditure)
consists of basal metabolic rate (BMR), physical activ-
ity energy expenditure, and thermic effect of food (diet-
induced thermogenesis). In children and infants, the
need for additional energy for growth also requires
determination of not only the energy necessary for
meeting daily needs but also the energy necessary for
increased tissue for growth (energy deposition) and the
energy necessary for tissue formation. Of the two forms
of energy required for growth, only energy for tissue for-
mation is currently included in determination of total
energy expenditure for children and infants. Therefore,
to determine energy requirement, energy deposition

*To whom correspondence should be addressed.
E-mail: tanakas@nih.go.jp

needs to be added to total energy expenditure. Deter-
mining the energy requirement for pregnant women
requires determination of the energy expenditure of
the fetus and the energy necessary for the growth of
fetal tissues. Determining the energy requirement for
lactating women requires determination of the energy
required to produce breast milk and consideration of
weight loss corresponding to breast milk production.
Therefore, increased or decreased energy requirements
corresponding to an increase or decrease in tissue
growth must be considered in addition to total energy
expenditure, as reflected in the formula used to calculate
energy requirements:
Energy requirement ,
=total energy expenditure+energy for the in-
creased or decreased tissue.
For adults undergoing no body weight change, no
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Table 1. Basal metabolic rate of the Japanese population.
Sex Males Females
A Reference BMR Reference weight BMR Reference BMR Reference weight BMR
& (keal/kg weight/d) (kg) (kcal/d) | (kcal/kg weight/d) (kg) (kcal/d)
12y 61.0 11.7 710 59.7 11.0 660
3-S5y 54.8 16.2 890 52.2 16.2 850
6-7y 44.3 22.0 980 41.9 22.0 920
89y 40.8 27.5 1,120 38.3 27.2 1,040
10-11y 374 35.5 1,330 34.8 34,5 1,200
12-14y 31.0 48.0 1,490 29.6 46.0 1,360
15-17y 27.0 58.4 1,580 25.3 50.6 1,280
18-29y 24.0 63.0 1,510 22.1 50.6 1,120
30-49y 22.3 68.5 1,530 21.7 53.0 1,150
50-69 y 21.5 65.0 1,400 20.7 53.6 1,110
=70y 21.5 59.7 1,280 20.7 49.0 1,010

BMR, basal metabolic rate.

additional energy is required above that for meeting
daily needs. Therefore, when energy intake exceeds
energy requirements, the unutilized energy substrate is
accumulated mainly in adipose tissue as triglycerides.
An increase in adipose tissue may increase body weight
and body fat in the short term and lead to obesity, a risk
factor for many lifestyle-related diseases and increased
total mortality, in the long term. In contrast, an energy
intake less than that of energy expenditure may cause
a decrease in the amount of accumulated fat in adipose
tissues and in the amount of body protein, such as that
contained in muscle tissue; a decrease in bodily func-
tioning and quality of life; and an increase in morbidity
due to infectious disease and certain cancers as well as
in total mortality. Therefore, the optimal energy intake
of adults—their true energy requirement—is that equal
to the amount of energy expended when they are at an
appropriate body weight.

Determining DRI
Estimated energy requirement
1. Definition of estimated energy requirement

In the determination of the Dietary Reference Intakes
for Japanese (DRIs-]) for energy, the concept of estimated
energy requirement (EER) was applied in the same way
as it had been in determining the DRIs for the United
States and Canada (1, 2). The EER is established for indi-
viduals and groups; the EER for individuals is defined as
“habitual energy intake in a day which is predicted to
have the highest probability that energy balance (energy
intake—energy expenditure, in adults) becomes zero in
an individual of a given age, sex, height, body weight,
and level of physical activity in good health.”

When the energy intake of an individual is the same
as the EER, the probability of inadequate intake—that
the individual’'s energy intake is below his/her true
energy requirement—is 50% and the probability of
excessive intake is 50%. For many nutrients, the prob-
ability of adequate energy intake decreases as energy
intake decreases, and the probability of adequate energy
intake increases as intake increases while remaining

sufficiently below the UL. However, the probability of
inadequate energy balance increases equally whether
intake is below or above the EER. That is, the probability
of weight gain increases when an individual's energy
intake is above the EER and the probability of weight
loss increases when the individual’s energy intake is
below the EER. For this reason, the DRI concepts used
for determination of other nutrients cannot be applied
to determination of energy requirements.

In contrast to that for individuals, the EER for a group
is defined as “habitual energy intake in a day which is
predicted to have the highest probability that energy
balance (energy intake—energy expenditure, in adults)
becomes zero in a group.” When the energy intake of
a defined group is the same as the EER, the probabil-
ity that the energy intake is below a group member’s
true energy requirement is 50% and probability that
the energy intake is above the requirement is 50%. The
components with great impact on total energy expen-
diture are BMR and energy expenditure for physical
activities. Therefore, determination of an accurate EER
requires determination of the defined individuals' or
groups’ BMR and the amount of physical activity.

2. Basal metabolic rate

As shown in Table 1, BMR in kcal/d is calculated as
follows:

BMR (kcal/d)

=Reference BMR (kcal/kg body weight/d)Xrefer-
ence body weight (kg).

BMR is measured early in the morning while resting
in the supine position in a comfortable indoor environ-
ment at a comfortable room temperature. The refer-
ence BMR is based on the reference BMR reported in
the 2005 DRIs-J as well as the BMR values that have
been reported by several studies conducted since 1980
(3-15).

3. Physical activity level

Physical activity level (PAL) is an index of level of
physical activity that considers diet-induced thermo-
genesis, also. PAL is calculated as total energy expendi-
ture divided by BMR (16-18), as shown in the following
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Table 2. BMI and PAL at each physical activity level (mean+SD).

Sex ratio Age BMI
PAL (range) n (% male) ) (ke/m?) PAL
Level I (<1.6) 38 55 40*11 23.9%+25 1.50+0.08
Level I (=1.6, <1.9) 65 52 39x11 22.8*3.1 1.74+0.08
Level IIT (>1.9) 36 39 40+9 21.3%2.6 2.03+0.13
Total 139 50 39+10 22.7%29 1.75%0.22

n, number of subjects; BMI, body mass index; PAL, physical activity level.

formula:

PAL=total energy expenditure (kcal/d)/BMR (kcal/d).

The doubly labeled water (DLW) method, the most
accurate method for measuring total energy expendi-
ture that was employed in determining the DRIs of the
United States and Canada, was utilized to determine the
PAL for each sex and age group. Considering the range of
inter-individual variability in energy expenditure based
on individual characteristics and evidence, a number of
PALs were established to calculate a more accurate EER.
4. Calculation of EER

Using PALs obtained from daily total energy expendi-
ture of Japanese measured using the DLW method (19),
the EER is calculated as follows:

EER (kcal/d)=BMR (kcal/d)<PAL.

For children, pregnant women, and lactating women,
energy deposition is added to the EER to account for
increased tissue due to growth, the products of concep-
tion and accretion of maternal tissues, and the energy
costs corresponding to postpartum lactation and weight
change, respectively.

5. Adults

In a study aimed at determining the PAL of Japanese
adults (n=139, aged 20 to 59 y) (19), the subjects were
divided into 3 groups using the 25th and 75th percentile
values (1.60 and 1.90, respectively; Table 2). Based on
the results of the stratification, the groups were labeled
according to activity level as Level I (low activity level,
representative value=1.50), Level II (moderate activity
level, representative value=1.75), and Level III (high
activity level, representative value=2.00). According
to this classification, the ratio of individuals allocated
to each level could be roughly expressed as1:2: 1. As
shown in Table 2, the mean*standard deviation (SD)
for the PAL of all subjects was 1.75+0.22. The represen-
tative value (or mean) for Level I generally corresponds
to the value (mean—1XSD) for the entire group and the
representative value (or mean) for Level Il to the value
of (mean+1XS8D).

According to the results of studies of total energy
expenditure and PAL of the Japanese using the DLW
method (19-33), the use of these 3 levels appears
appropriate.

6. The elderly

Among the many studies that have attempted to deter-
mine the PAL of healthy, independently living elderly
subjects (33-42), the mean value was 1.69, leading the
reference PAL for elderly subjects to be set as 1.70. How-

ever, the subjects’ mean age in most of these reports (11
out of 13) ranged from 70 to 75 y, and many examined
only relatively healthy independently living elderly sub-
jects. These facts, as well as the fact that few studies
have examined the average PAL of subjects in their 90 s,
makes it difficult to identify reference PALs for the elderly
over 70 v. One report (43) found that the PAL of subjects
in their 90 s tends to be low.

7. Children

Children in the growth stage require energy not only
for physical activity but also for tissue formation and
increased tissue (energy deposition). As the energy used
for tissue formation is included in the calculation of
total energy expenditure, the EER (kcal/d) was calcu-
lated as follows:

EER (kcal/d)=BMR (kcal/d) X PAL+energy deposition

(kcal/d).

As PALs differ by age group, a systematic review
was conducted of reports of children’s PALs using the
DLW method. Values of PAL were determined based on
reports with measured BMR data (44-66). For children
younger than 5 for whom such data were unavailable,
PAL values were also based on estimated BMR (31,
67-74). The mean PAL was found to be 1.36, 1.47,
1.57, 1.59, 1.63, 1.66, and L.76 for ages 1 to 2y, 3 to
5y6t07y,8t09y, 10to 11y, 12to 14y, and 15 to
17 v, respectively, showing a tendency to increase with
age (Fig. 1). The Grouping of PALs at each age group is
shown in Table 3. The similar tendency was observed in
a systematic review (75).

Although individual variability was observed for ages
1 to 2y and ages 3 to 5y, the PALs for these groups
were not categorized into levels due to the lack of data
for categorizing PAL for individuals or groups. In con-
trast, the PALs for those aged 6 and over were catego-
rized into 3 levels to consider individual variability. The
means of the standard deviation of selected references
weighted by the number of subjects based on age group
differed in the range 0.17 to 0.25, with a mean value
of 0.21. Therefore, the PAL in each age group of chil-
dren was increased or decreased by 0.20 from the cor-
responding group's “moderate” value. As there were no
data regarding PAL for these age groups in Japan, Level [
(low) was established for school-age children for the first
time, with consideration of the wide variations in PAL
reported in previous studies conducted in foreign coun-
tries. In the future, the status and determinants of the
PALs of Japanese school-age children need to be studied.
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Fig. 1. PAL of children. The data presented for all age

groups were taken only from studies that measured
basal metabolic rate except for those for children aged
3 to 5y, for whom data were also taken from studies
that estimated basal metabolic rate, and children aged 1
to 2y, for whom data were also taken from studies that
measured sleeping metabolic rate and estimated basal
metabolic rate, due to the lack of studies for these age
groups. A, boys; O, girls; OJ, boys and girls; mean=SD.
PAL: physical activity level.

Energy for increased tissue was determined as the
product of increased weight per day calculated from the
reference weight and the energy density of increased tis-
sue (1) (refer to Table 4 for details).

8. Infants

For infants, as for older children, energy is required
for not only physical activity but also tissue formation
and energy deposition. As the energy required for tissue
formation is included in total energy expenditure, the
EER was calculated as follows:

EER (kcal/d)

=total energy expenditure (kcal/d)+energy deposi-
tion (kcal/d).

For determining the total energy expenditure of
infants, the Food and Agricultural Organization (FAO),
World Health Organization (WHO), and United Nations
University (UNU) have reported that total energy expen-
diture of breast-fed infants can be modeled by the fol-
lowing regression equation, which uses body weight
as an independent variable and considering the rela-
tionships among sex, age (months), body weight, body
height, and total energy that were identified in previous
studies (76, 77):

Total energy expenditure (kcal/d)

=92.8 Xreference weight (kg)—152.0.

As no study has determined Japanese infants’ total
energy expenditure using the DLW method, total energy
expenditure was determined by substituting the refer-
ence weights of the Japanese into the regression equa-
tion. As with children, energy deposition is calculated
as the product of increased weight per day as calcu-
lated using the reference weight and energy density of
increased tissue for infants (67) (Table 4).

The EER is determined for infants at 3 different ages:
0 to 5 mo, 6 to 8 mo, and 9 to 11 mo. For infants aged
0 to 5 mo who undergo large weight changes, atten-
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Table 3. PAL by physical activity level of each age
group of both males and females.

PAL Level I Level II Level IIT
(low) (moderate) (high)
1-2y —_ 1.35 —
3-5y — 1.45 —_
6-7y 1.35 1.55 1.75
8-9y 1.40 1.60 1.80
10-11y 1.45 1.65 1.85
12-14y 1.45 1.65 1.85
15-17y 1.55 1.75 1.95
18-29y 1.50 1.75 2.00
30-49y 1.50 1.75 2.00
50-69y 1.50 1.75 2.00
=70y 1.45 1.70 1.95

PAL: physical activity level.

tion must be placed on the large difference in the EER
between the first and second half of this period. As
formula-fed infants typically have greater total energy
expenditure than breast-fed infants (76), the FAO, WHO,
and UNU have reported that the EER of formula-fed
infants should be determined using the following regres-
sion equation (76, 77).

Total energy expenditure (kcal/d)

=82.6Xbody weight (kg)—29.0.

9. Additional values for pregnant women

The EER of pregnant women is calculated as follows:

EER (kcal/d)

=EER before pregnancy (kcal/d)+additional en-
ergy required by pregnant women (kcal/d).

Considering that the female reproductive period
encompasses several age groups, it is necessary to
determine the additional amounts of energy needed to
maintain good health during pregnancy and for nor-
mal delivery for each stage of pregnancy. Longitudinal
studies using the DLW method found that although PAL
decreases during the early and late stage of pregnancy,
increased rates of total energy expenditure during the
early, mid, and late stage of pregnancy correspond
to increased rates of weight gain, as does an increase
in BMR during the late stage of pregnancy (76-82).
Therefore, differences between pre-pregnancy EER and
total energy expenditure during each stage (76, 77)
adjusted by an average total weight gain of 11 kg dur-
ing pregnancy (83) are as follows: +19 kcal/d during
the early stage, +77 kcal/d during the mid-stage, and
+285 kcal/d during the late stage. Total energy depo-
sition is calculated as the sum of energy deposition of
protein and fat that yields a final weight gain of 11 kg,
based on protein deposition and body fat deposition on
a per-stage basis (76, 77). Thus, energy deposition is
44 kcal/d during the early stage, 167 kcal/d during the
mid-stage, and 170 kcal/d during the late stage.

As a result, total additional energy for each stage is
calculated as follows:

Additional energy for pregnant women (kcal/d)
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Table 4. Energy for tissue increase associated with growth (energy deposition).

Sex Males Females
Tissue increase Tissue increase
A. B. C. D. A. B. C. D.

Age Reference Body Energy Energy Reference Body Energy Energy
body weight density deposition body weight density deposition
weight increase (kcal/g) (kcal/d) weight increase (kcal/g) (kcal/d)
(kg) (kg/y) (kg) (kg/y)

0-5 mo 6.4 9.5 4.4 120 5.9 8.7 5.0 120
6-8 mo 8.5 3.4 1.5 15 7.8 34 1.8 15
9-11 mo 9.1 2.4 2.7 15 8.5 2.5 2.3 15
1-2y 11.7 . 2.1 3.5 20 11.0 2.1 2.4 15
3-5y 16.2 2.1 1.5 10 16.2 2.2 2.0 10
6-7y 22.0 2.5 2.1 15 22.0 2.5 2.8 20
89y 27.5 3.4 2.5 25 27.2 3.1 3.2 25
10-11y 35.5 4.5 3.0 35 34.5 4.1 2.6 30
12-14y 48.0 4.2 1.5 20 46.0 3.1 3.0 25
15-17y 58.4 2.0 1.9 10 50.6 0.8 4.7 10

Body weight increase (B) was calculated using the reference body weight (A) and the proportional distribution method, as

shown in the following example:
Weight increase (kg/y) in females from 9 to 11 mo (X)

=[(reference weight between 9 and 11 mo (=reference weight at 10.5 mo)
—(reference weight between 6 and 8 mo (=reference weight of 7.5 mo))}/[0.875 (y)—0.625 (y)]+[(reference weight
between 1 and 2 y)—(reference weight between 9 and 11 mo)]/[2 (y)—0.875 (y)].

Body weight increase=X/2

=[(8.5—7.8)/0.25+(11.0—8.5)/1.125]/2

=2.5.

The energy density for tissue increase (C) was computed based on the DRIs for the United States and Canada (1).
The energy deposition for tissue increase (D) was calculated by multiplying weight increase (B) and by the energy density of

tissue increase (C), as in the following example:

Energy (kcal/d) for tissue increase for females aged 9 and 11 mo

=[(2.5 kg/y)x1,000/365)]X2.3 (kcal/g)
=16
=15.

=difference between pre-pregnancy total energy
expenditure and pregnancy total energy expendi-
ture (kcal/d)+energy deposition (kcal/d).

When the final values are rounded into 50-kcal units,
an additional 50 kcal/d is required during the early
stage, 250 kcal/d during the mid-stage and 450 kcal/d
during the late stage.

10. Additional values for lactating women
The EER of lactating women is calculated as follows:
EER (kcal/d)
=EER before pregnancy (kcal/d)+additional en-
ergy required by lactating women (kcal/d).

Although BMR is considered to be elevated immedi-
ately after delivery, primarily due to the 2 processes of
maintenance of increased body weight compared to pre-
pregnancy weight and breast milk production, an obvi-
ous increase in BMR is not observed. Of 4 longitudinal
studies using the DLW method, 1 reported that energy
expenditure by physical activity decreased significantly
(78) whereas the other 3 reported a 10% decrease in
absolute quantity but no significant difference was
observed (79, 81, 84). These findings indicate that total

energy expenditure during lactation is the same as that
during pregnancy (77, 79, 81, 84). Regarding change
in total energy expenditure, there is no need to calcu-
late an additional value for lactating women. Mean-
while, lactating women must intake additional energy
for breast milk production since it is not included in total
energy expenditure.

Assuming that the amount of breast milk secreted is
equal to the amount suckled by the infant (0.78 L/d)
(85, 86) and that breast milk provides 663 kcal/L (87),
the following equation can be used to determine the
total energy provided by breast milk:

Total energy provided by breast milk (kcal/d)

=0.78 L/dX 663 kcal/L
=517 kcal/d.

Recognizing that the energy requirement decreases
due to energy obtained from weight loss (decomposition
of tissue) and assuming that the energy corresponding
to the body weight reduction is 6,500 kcal/kg and the
amount of body weight loss is 0.8 kg/mo (76-80), the
energy to be subtracted in the equation shown above
can be calculated as follows:
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Table 5. PAL of adults aged 15 to 69 y during daily activities for typical durations.
PAL? Low level (I) Moderate level (II) High level (III)
1.50 1.75 2.00
(1.40-1.60) (1.60-1.90) (1.90-2.20)
Description of activity® Subjects largely Subjects largely remain sedentary Subjects engage in work
remain sedentary but perform any of the follow- that requires moving or
and perform activi- ing: moving within the workplace, standing or habitually
ties that require low working while standing, serving engage in active athletic
expenditure. customers, commuting, shopping, activities.
housekeeping, and participating in
light sport activities.
Types of each activity (h/d)
Sleeping (0.9) 7-8 7-8 7
Remaining sedentary
or r’emamm-g still 12-13 11-12 10
while standing
(1.5:1.0-1.9)*
Engaging in slow
walking or light
intensity activities, 34 4 4-5
such as housekeeping
(2.5:2.0-2.9)*
Performing moderate-
intensity activities
that can be sustained
for an extended 0-1 1 1-2
period, including
normal walking
(4.5:3.0-5.9)*
Performing vigorous
activities that require 0 0 0-1
frequent rest
(7.0: =6.0)*

PAL, physical activity level.

! The values presented are the standard values for each activity based on the PALs obtained using the DLW method and
BMR, and the hours from 3 d of activity records for adult subjects living in Tokyo and its suburbs.

2 Representative values. The range is shown in parentheses.

3 Prepared using Black et al. (17) as a reference and giving due consideration to the significant effects of occupation on PAL.
“4Data in parentheses are MET values (representative value: lower threshold-upper threshold).

6,500 kcal/kg body weight
X0.8 kg/mo+30d
=173 kcal/d.

Therefore, the additional energy required by lactating
women who have experienced a normal pregnancy and
delivery is calculated as follows:

Additional energy required by lactating women (kcal/d)

=breast milk energy (kcal/d)—energy of weight
loss (kcal/d).

Thus, the additional energy required for breast-feed-
ing is 517-173=344 kcal/d, which, when rounded by
50-kcal units, is 350 kcal/d.

Application
Concept of reference basal metabolic rate

Reference basal metabolic rate (reference BMR) is
designed such that the estimated value corresponds to
a measured value for a reference physique. Therefore,
for individuals with a body physique largely different
from the reference physique, the prediction error tends
to be large. Among the Japanese, for example, the BMR
tends to be overestimated when the reference BMR is
applied to obese individuals (88) and underestimated
when applied to lean individuals. An EER obtained by
multiplying an overestimated or underestimated BMR
and PAL would have a high possibility of being above the
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Table 6. Dietary Reference Intakes for energy: estimated energy requirement (kcal/d).!

Sex Males Females
PAL I T I I II I
0-5mo — 550 — — 500 —
6-8 mo — 650 — — 600 —
9-11 mo — 700 — — 650 —
1-2y — 1,000 — — 900 —
3-5y — 1,300 — — 1,250 —
6-7y 1,350 1,550 1,700 1,250 1,450 1,650
89y 1,600 1.800 2,050 1,500 1,700 1,900
10-11y 1,950 2,250 2,500 1,750 2,000 2,250
12-14y 2,200 2,500 2,750 2,000 2,250 2,550
15-17y 2,450 2,750 3,100 2,000 2,250 2,500
18-29y 2,250 2,650 3,000 1,700 1,950 2,250
30-49 y 2,300 2,650 3,050 1,750 2,000 2,300
50-69 y 2,100 2,450 2,800 1.650 1,950 2,200
=70y? 1,850 2,200 2,500 1,450 1,700 2,000
Pregnant women
(amount to be added)

Early stage +50 +50 +50

Mid-stage +250 +250 +250

Late stage +450 +450 +450
Lactating women +350 +350 +350
(amount to be added)

I The estimated energy requirement (EER) for adults is calculated as follows:

EER (kcal/d)=BMR (kcal/d) X PAL.

The PALs were 1.50 (Level I), 1.75 (Level II), and 2.00 (Level III) for adults aged 18 to 69 y and 1.45 (Level I), 1.70 (Level

1I), and 1.95 (Level III) for adults aged over 70 y, respectively.

2 Calculation of PAL was largely based on research findings regarding relatively healthy, independently living elderly subjects

aged 70to 75 y.

true requirement for an obese individual and below that
for a lean individual. Thus, designing an energy intake
plan based on such an EER would increase the probabil-
ity of further obesity or leanness in such individuals.
Relationship between reference BMR and fat-free mass

BMR has been found to be more strongly associated
with fat-free mass (FFM) than body weight (5, 8, 11,
89). In the future, the combined use of adequate body
composition assessment and corresponding predictive
equations will likely yield more accurate estimation of
BMR.
Measurement errors in the EER

In the DRIs for the United States and Canada (1, 2),
the standard error of estimate of total energy expen-
diture is approximately 300 kcal/d for males. Assum-
ing this variability is divided into biological and exper-
imental variances, such as measurement error in
using the DLW method; and that both variances are
equal, biological variability can be estimated at approx-
imately=200 kcal/d as a standard deviation. Thus,
when EER is calculated as 2,500 kcal/d, the probability
of the true energy requirement being between 2,300
and 2,700 kcal/d is approximately 68% and of being
between 2,100 and 2,900 kcal/d approximately 95%.
In other words, if the EER were 2,500 kcal/d, 1 out of
3 individuals’ true energy requirement would be below

2,300 kcal/d or above 2,700 kcal/d.
Physical activity level

Metabolic equivalent (MET), a multiple of the resting
metabolic rate in the sitting position, was used as phys-
ical activity intensity to estimate PAL rather than activ-
ity factor (Af), a multiple of BMR (90). This was done
to avoid confusion in using MET and Af representing
physical activity intensity. As fasting BMR in the sitting
position is approximately 10% higher than the resting
metabolic rate in the supine position (1, 90), MET is cal-
culated as follows:

MET valueX 1.1=Af.

The PAL of adults aged 15 to 69 y during the perfor-
mance of daily activities for typical durations is shown
in Table 5.

Effect of excessive post-exercise oxygen consumption on
total energy expenditure

In the DRIs for the United States and Canada, exces-
sive post-exercise oxygen consumption (EPOC), which
is assumed to be 15% of certain activities, was added
to calculate the EER in addition to energy expenditure
during physical activity. However, EPOC was not added
to the DRIs-] because it is considered to be very small
in daily life (91). Therefore, only energy expenditure
during certain activity was considered energy expended
during physical activity in the DRI-Js. The EER values for




