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Abstract

Objective: To estimate the energy requirements of pregnant and lactating women
consistent with optimal pregnancy outcome and adequate milk production.
Design: Total energy cost of pregnancy was estimated using the factorial approach
from pregnancy-induced increments in basal metabolic rate measured by respiratory
calorimetry or from increments in total energy expenditure measured by the doubly
labelled water method, plus energy deposition attributed to protein and fat accretion
during pregnancy.
Setting: Database on changes in basal metabolic rate and total energy expenditure
during pregnancy, and increments in protein based on measurements of total body
potassium, and fat derived from multi-compartment body composition models was
compiled. Energy requirements during lactation were derived from rates of milk
production, energy density of human milk, and energy mobilisation from tissues.
Subjects: Healthy pregnant and lactating women.
Results: The estimated total cost of pregnancy for women with a mean gestational
weight gain of 12.0 kg, was 321 or 325MJ, distributed as 375, 1200, 1950 kJ day21, for
the first, second and third trimesters, respectively. For exclusive breastfeeding, the
energy cost of lactation was 2.62MJ day21 based on a mean milk production of
749 g day21, energy density of milk of 2.8 kJ g21, and energetic efficiency of 0.80. In
well-nourished women, this may be subsidised by energy mobilisation from tissues
on the order of 0.72MJ day21, resulting in a net increment of 1.9MJ day21 over non-
pregnant, non-lactating energy requirements.
Conclusions: Recommendations for energy intake of pregnant and lactating women
should be updated based on recently available data.
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Introduction

The definition of energy requirements during pregnancy

from the 1985 FAO/WHO/UNU report on Energy and

Protein Requirements1 may be paraphrased:

‘The energy requirement of a pregnant woman is the level of

energy intake from food that will balance her energy

expenditure when the woman has a body size and

composition and level of physical activity consistent with good

health, and that will allow for the maintenance of

economically necessary and socially desirable physical

activity. In pregnant women the energy requirement includes

the energy needs associated with the deposition of tissues

consistent with optimal pregnancy outcome.’

These basic principles underpin recommendations for

energy requirements during pregnancy. Women ideally

should enter pregnancy with a body size and composition

consistent with long-term good health. Appropriate ranges

of body mass index (BMI) consistent with long-term good

health and optimal pregnancy outcome are definable.

Women should gain weight at a rate and with a

composition consistent with good health for herself and

her child. Energy intake should allow women to maintain

economically necessary and socially desirable levels of

physical activity during pregnancy.

Recommendations for energy intake of pregnant

women should be population-specific, because of

differences in body size and lifestyles. The extent to

which women change habitual activity patterns during

pregnancy will be determined by socioeconomic and

cultural factors specific to the population. FAO/WHO/

UNU energy recommendations1 refer to groups, not to

individuals. Pregnant women throughout the world

cannot be considered as belonging to a single group.

Well-nourished women from developed societies may

have different energy needs in pregnancy than shorter

women from developing societies. Undernourished

pregnant women may have different energy needs than
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overweight and obese pregnant women. Even within a

specific population group, high variability is seen in the

rates of gestational weight gain and energy expenditure,

and hence in the energy requirements among women.

Gestational weight gain for optimal pregnancy

outcome

To define the energy cost of pregnancy, desirable

gestational weight gains must be stipulated. Desirable

gestational weight gains are those associated with optimal

outcome for the mother in terms of maternal mortality,

complications of pregnancy, labour and delivery, post-

partum weight retention and lactational performance, and

for the infant in terms of foetal growth, gestational

duration, mortality and morbidity. The WHO Collabora-

tive Study on Maternal Anthropometry and Pregnancy

Outcomes2 reviewed information on 110 000 births from

20 different countries to define those anthropometric

indicators which are most predictive of foetal outcome

(low birth weight (LBW), intrauterine growth retardation

(IUGR) and preterm birth) and maternal outcome (pre-

eclampsia, postpartum haemorrhage and assisted deliv-

ery). Mean maternal heights ranged from 148 to 163 cm,

prepregnancy weights from 42.1 to 65.6 kg, and birth

weights from 2.633 to 3.355 kg. In terms of foetal outcome,

attained weight (prepregnancy þ weight gain) during

pregnancy was the most significant anthropometric

predictor of LBW (odds ratio, OR ¼ 2.5) and IUGR

(OR ¼ 3.1), but not preterm birth. For predicting LBW,

maternal prepregnancy weight and achieved weights at

20, 28 and 36 weeks of gestation performed similarly

(OR ¼ 2.4–2.6). For predicting preterm delivery, pre-

pregnancy weight, prepregnancy BMI, and attained

weight gain between 20 and 28 weeks of gestation had

OR in the moderate range (1.3–1.4). For assisted delivery,

maternal height had the highest positive OR (1.6), while

the OR for predicting preeclampsia and postpartum

haemorrhage were less than one3,4.

Women with short stature, especially in developing

countries with inadequate health care systems, are at risk

of LBW, small for gestational age (SGA) and preterm

delivery, as well as obstetric complications during labour

and delivery3. Short stature, which may be accompanied

by pelvic restriction, has been associated with increased

risk of intrapartum caesarean section, prematurity, SGA

and perinatal death5. Short stature often reflects poor

childhood growth and suboptimal development of the

anatomical and physiological systems that are needed to

sustain optimal foetal growth. The risk:benefit ratio of

improving maternal nutrition during pregnancy has been

evaluated in Guatemalan women6. Increases in foetal

growth (þ100 g) comparable to those attributable to

improved diet during pregnancy are associated with an

increase in risk of caesarean delivery (8/1000 cases), but a

decrease in risk of perinatal distress (34/1000 cases)6. Also,

the relationship between maternal stature and birth weight

was investigated in 8870 US women with uncomplicated

pregnancies7. Increasing maternal height was positively

associated with birth weight in white, black and Asian, but

not Hispanic women. The relationship between maternal

weight gain and birth weight was not modified by

maternal height.

The WHO Collaborative Study on Maternal Anthro-

pometry and Pregnancy Outcomes2 was used to define

desirable birth weights and maternal weight gains

associated with lower risk of foetal and maternal

complications, i.e. LBW, IUGR, preterm birth, preeclamp-

sia, postpartum haemorrhage and assisted delivery. Birth

weights between 3.1 and 3.6 kg (mean, 3.3 kg) were

associated with the optimal ratio of maternal and foetal

outcomes. The range of gestational weight gains

associated with birth weights greater than 3 kg was

10–14 kg (mean, 12 kg).

In 1990, the Institute of Medicine8 recommended ranges

of weight gain for women with low (BMI , 19.8), normal

(19.8–26.0), and high (.26.0–29.0) prepregnancy BMI.

The recommended ranges were derived from the 1980 US

National Natality Survey and based on the observed

weight gains of women delivering full term (39–41

weeks), normally grown (3–4 kg) infants without compli-

cations9. Abrams et al.10 systematically reviewed studies

that examined weight gain in relation to foetal and

maternal outcomes. The review showed that weight gain

within the Institute of Medicine’s recommended ranges

was associated with the best outcome for both mothers

and infants. The recommended ranges of weight gain for

women with low (12.5–18.0 kg) and normal (11.5–

16.0 kg) prepregnancy BMI are slightly higher than the

range observed in the WHO Collaborative Study2.

Energy cost of pregnancy

Energy cost of pregnancy includes energy deposited in

maternal and foetal tissues, and the increase in energy

expenditure attributed to maintenance and physical

activity. Weight gain during pregnancy comprises the

products of conception (foetus, placenta, amniotic fluid),

the increases of various maternal tissues (uterus, breasts,

blood, extracellular extravascular fluid), and the increases

in maternal fat stores. As a result of the increased tissue

mass, the energy cost of maintenance, as well as physical

activity, rises during pregnancy.

Hytten and Chamberlain11 developed a theoretical

model to estimate the energy requirements during

pregnancy for well-nourished women (Table 1). Assump-

tions underlying this model were: a prepregnant body

weight between 60 and 65 kg, an average gestational

weight gain of 12.5 kg, and an average infant birth weight

of 3.4 kg. This model was the basis of the 1985 FAO/WHO/

UNU recommendations for energy intake of pregnant

women. To calculate the energy cost of protein and fat

deposition, Hytten and Chamberlain used the heat of

combustion values of 5.6 kcal g21 protein and 9.5 kcal g21
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fat, and assumed the efficiency of energy utilisation was

the same as that for maintenance (0.90). In fact, animal

data suggest the efficiency of energy utilisation for protein

and fat deposition may be lower (0.70)12. In Hytten and

Chamberlain’s model fat accretion (43%) and basal

metabolism (42%) account for most of the energy cost of

pregnancy. Since the time Hytten and Chamberlain

published this model, there have been several longitudinal

studies on energy balance during pregnancy from

developing and developed countries. In the following

sections, these empirical data will be reviewed.

Protein and fat accretion

There are several methodological considerations regard-

ing the determination of protein and fat accretion during

pregnancy. Protein is deposited predominantly in the

foetus (42%), but also in the uterus (17%), blood (14%),

placenta (10%), and breasts (8%)11,13. Protein is deposited

unequally across pregnancy, predominantly in late

pregnancy. Hytten and Chamberlain11 estimated that

925 g protein are deposited in association with a 12.5 kg

gestational weight gain.

Protein deposition has been estimated indirectly from

measurements of total body potassium accretion,

measured by whole body counting in a number of studies

of pregnant women (Table 2). The study design (cross-

sectional or longitudinal), stage of pregnancy and type of

whole body counter differed across studies14 – 19.

MacGillivray14 studied eight women in early pregnancy

and another 16 in late pregnancy; since the same women

were not studied repeatedly, the increase in TBK is

questionable. The results of Emerson16 based on a sample

size of five women are questionable; the potassium per

kilogram gained was high, and TBK did not decline in the

postpartum period in three of the subjects. King15

observed a rate of 24milli equivalents of K per week

between 26 and 40 weeks of gestation. Pipe17 found a

312meqK increase. Lower increments of 110 and 187meq

of K at 36 weeks were found over prepregnancy

values18,19. Based on a K:N in foetal tissues of

2.15meqK/gN, total protein deposition estimated from

the longitudinal studies of King, Pipe, Forsum and Butte

was 686 g.

Cumulative fat accretion in foetal and maternal

compartments contributes substantially to the overall

energy cost of pregnancy; therefore, methodological

errors in the estimation of fat accretion can significantly

affect energy requirements. In a number of studies, fat

accretion during pregnancy was estimated from skinfold

measurements. The average gain in maternal fat stores was

Table 1 Hytten and Chamberlain’s theoretical model of cumulative energy cost of pregnancy11

Rates of tissue deposition 0–10 weeks* 10–20 weeks 20–30 weeks 30–40 weeks Cumulative total (g)

Weight gain (g day21)** 12 48 64 57 12 500
Protein deposition (g day21)** 0.64 1.84 4.76 6.10 925
Fat deposition (g day21)** 5.85 24.80 21.85 3.30 3825

Factorial estimation of energy cost of pregnancy 0–10 weeks* 10–20 weeks 20–30 weeks 30–40 weeks Cumulative total (kJ)

Protein deposition (kJ day21) 15 43 112 143 21 698
Fat deposition (kJ day21) 233 986 869 131 152 001
Increment in basal metabolic rate (kJ day21) 187 414 620 951 149 440
Efficiency of energy utilisation (kJ day21)*** 44 144 160 122 32 314
Total energy cost of pregnancy (kJ day21) 477 1586 1761 1347 355 460

* Interval (56 d) computed from last menstrual period.
** Total weight gain of 12.5 kg, protein deposition of 925 g, fat deposition 3.825 kg taken as 23.42 kJ g21 for protein and 39.75 kJ g21 for fat.
*** Efficiency of energy utilisation taken as 0.90.

Table 2 Increment in total body protein estimated from changes in total body potassium of well-nourished women during pregnancy

Reference n
Study interval (weeks

of pregnancy) TBK measurement
Increase in
TBK (meq)

TBK
(meq day21)

TBK (meq kg21

gained)
Increment in
protein (g)

MacGillivray, 195914 8 11.2–37.3 1952 meq 589 3.22 42.1 1712
16 cross-sectional 2541 meq

King, 197315 10 26–40 24 meq per week 336 3.41 44.3 977
longitudinal

Emerson, 197516 5 20, 24, 28, 32, 35 2712 meq 480 3.43 86.5 1395
longitudinal 3192 meq

Pipe, 197917 27 10–14, 24–28, 36–38 2442 meq 312 1.78 30.0 907
longitudinal 2754 meq

Forsum, 198818 22 0–36 2397 meq 110 0.44 9.4 320
longitudinal 2507 meq

Butte, 200219 34 0–36 2604 meq 187 0.79 12.8 544
longitudinal 2770 meq
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1.2 kg in women from developed countries as estimated

from skinfold measurements17,20–22; this value is substan-

tially lower than that measured by body composition

methods in similar population groups. The average gain in

maternal fat stores of 1.1 kg in women from developing

countries23–25 was questionably similar, despite signifi-

cantly lower gestational weight gains (9.8 vs. 12.8 kg).

Skinfold measurements lack the precision necessary to

estimate accurately changes in fat mass, particularly during

pregnancy when fat accretion is not equally distributed

across all adipose sites.

Measurements of fat accretion using body composition

methods are scarce in women from developing countries.

Lawrence26 estimated fat accretion in pregnant Gambian

women using total body water. Women supplemented

with energy-dense groundnut biscuits gained 9.2 kg of

which 2.0 kg was fat, and unsupplemented women lost an

estimated 0.3 kg fat (total weight gain ¼ 7.2 kg). These

estimates of fat accretion were not corrected for the

increased hydration of FFM.

Two-component body composition methods based on

total body water, body density, and total body potassium

are invalid during pregnancy because of the increased

hydration of FFM27. The constants for hydration, density

and potassium content of FFM used in two-compartment

models are not applicable to pregnant women and would

lead to erroneous estimations of FFM and FM. For example,

applying the usual constant of 0.73 for the hydration of FFM

in the TBW method results in an overestimation of

maternal FM in late pregnancy, whereas use of 1.1 kg cm23

for the density of FFM in the hydrodensitometry method

results in an underestimation of maternal FM. Corrected

constants for the hydration, density and potassium content

of FFM in pregnancy have been published27,28. Two-

component models that use corrected constants are

acceptable, or three- and four-component models17,29,30

in which the hydration or density of FFM is measured are

appropriate for use in pregnant women.

Fat accretion estimated using corrected two-component

models, or three- and four-component body composition

models in well-nourished pregnant women are summar-

ised in Table 3. Mean fat accretion measured up to a mean

of 36 weeks of gestation was 3.7 kg, and was associated

with a mean weight gain of 11.9 kg. Extrapolated to 40

weeks of gestation, mean fat accretion would be 4.3 kg,

associated with a total weight gain of 13.8 kg. The fat gain

associated with the mean weight gain of 12 kg (range 10–

14 kg) observed in the WHO Collaborative Study2 would

be 3.7 kg (range 3.1–4.4 kg).

Rates of fat accretion during the first, second and third

trimesters of pregnancy were available in a subset of the

studies presented in Table 3. In these longitudinal studies

conducted in well-nourished women17,18,31–34, rates of fat

accretion averaged 8 g day21 in the first trimester,

26 g day21 in the second trimester, but were quite variable

in the third trimester from 27 to 23 g day21. T
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Basal metabolism

As a result of increased tissue mass, the energy cost for

maintenance rises during pregnancy. This increase in

basal metabolic rate (BMR) is one of the major

components of the energy cost of pregnancy. Several

longitudinal studies have been published which measured

changes in BMR (or RMR: resting metabolic rate)

throughout pregnancy.

In Table 4 changes in BMR during pregnancy relative to

either a prepregnancy or an early pregnancy (10–18

weeks) baseline measurement are presented. Since BMR

was frequently measured throughout pregnancy the

cumulative change in BMR throughout pregnancy could

be calculated. The most striking feature in Table 4 is the

wide variability in cumulative maintenance costs among

populations: from þ210MJ in Swedish women to 245MJ

in unsupplemented Gambian women. Also, the cumulat-

ive maintenance costs across the entire pregnancy showed

wide variation between individuals within popu-

lations20,32,35,36. Cumulative increases in BMR are signifi-

cantly correlated with total weight gain (r ¼ 0.79;

P , 0.001) and prepregnancy percent fat mass (r ¼ 0.72;

P , 0.001)37. For a gestational weight gain of 12.5 kg, the

cumulative increase was 160MJ, which is remarkably close

to the original estimate of 150MJ based on literature values

of changes in oxygen consumption of individual organs

and processes13.

Energy requirements should be derived based on

healthy populations with favourable pregnancy outcomes.

Women with inadequate gestational weight gains and

lesser increases in basal metabolism probably reflect

suboptimal nutritional conditions. In healthy, well-

nourished women, the cumulative increases in BMR

ranged from 124 to 210MJ, with an average increase of

157MJ for the entire pregnancy. The average increases in

BMR over prepregnancy values were 4.5, 10.8 and 24.0%

for the first, second and third trimesters, respectively.

Total energy expenditure by respiratory

calorimetry or doubly labelled water method

Whole room respiration calorimetry has been performed

in well-nourished women31,34,38,39 and marginally-nour-

ished women40 during pregnancy (Table 5). These short-

term 24-hour studies can demonstrate changes in energy

expenditure under standardised protocols, but make no

allowance for free-living physical activity. The 24-hour EE

increased similarly in all studies averaging 1, 4, and 20%

above prepregnancy values in the first, second and third

trimesters, respectively. BMR increased by 5, 10, and 25%

across trimesters. The increment in 24-hour EE was largely

due to the increase in BMR. Another calorimetric study in

Gambian women found much more modest increments in

BMR and 24-hour EE, indicating energy sparing during

pregnancy36; the different results may be attributed to the

study design (longitudinal vs. cross-sectional), subjects’

nutritional status and season. T
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Free-living total energy expenditure of pregnant women

has been measured longitudinally by doubly labelled

water in well-nourished women32,34,35,41,42 (Table 6). TEE

increased throughout pregnancy in proportion to the

increase in body weight. TEE increased by 1, 6, and 19%,

and weight increased by 2, 8, and 18% over baseline in the

first, second and third trimesters, respectively. The

increments in TEE (0.1, 0.4 and 1.5MJ day21 in the first,

second and third trimesters, respectively) were similar to

the increments observed by 24-hour calorimetry. BMR

increased by 2, 9 and 24% over baseline. Activity energy

expenditure (TEE–BMR) averaged 22, 3 and 6% relative

to baseline. Because of the larger increment in BMR, PAL

declined by 0.13 PAL units from 1.73 prior to pregnancy to

1.60 in late gestation in these well-nourished women.

Free-living total energy expenditure has been measured

cross-sectionally in pregnant women relative to non-

pregnant, non-lactating (NPNL) controls from developing

countries using doubly labelled water, activity diaries and

heart rate monitoring (Table 7)43–46. With the exception of

the Gambian study by Singh44, TEE and AEE declined

throughout pregnancy relative to controls. The PAL in the

NPNL controls was 1.88 and declined to 1.68 at term,

consistent with observations that women perform less

arduous tasks as they approach term in these countries.

Total energy cost of pregnancy

Total energy cost of pregnancy in well-nourished women

was estimated factorially from the increment in BMR

(Table 4) or from the increment in TEE (Table 6), plus the

energy deposition associated with a mean gestational

weight gain of 13.8 kg (Table 8). Energy deposition was

derived from the estimated increase in protein (Table 2),

and the mean increase in fat mass in well-nourished

women (Table 3). The two approaches gave similar

results for the total energy cost of pregnancy (374 vs.

369MJ).

The energy cost of pregnancy is not equally distributed

over pregnancy. Energy deposition as protein occurs

primarily in the second (20%) and third trimesters (80%).

The distribution of energy deposition as fat was based on

rates of weight gain in Scottish primigravid women

estimated by the IOM subcommittee8. Rates of weight gain

of 1.6 kg in the first trimester, 0.45 kg per week in the

second trimester and 0.40 kg per week in the third

trimester indicate a distribution of 11, 47 and 42% in the

first, second and third trimesters, respectively. The

increases in basal metabolism and TEE are most

pronounced in the second half of pregnancy. The two

approaches provided slightly different distributions, but

average approximately 430, 1375, and 2245 kJ day21, for

the first, second and third trimesters, respectively.

The total cost of pregnancy was also calculated for

women with a mean gestational weight gain of 12.0 kg, as

found in the WHO Collaborative Study on Maternal

Anthropometry and Pregnancy Outcomes2 (Table 9).T
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It was assumed that the increments in BMR and TEE were

proportional to the weight gain. The total energy cost of

pregnancy would be 321 or 325MJ, distributed as 375,

1200, 1950 kJ day21, for the first, second and third

trimesters, respectively.

Metabolic adjustments to meet energy requirements

during pregnancy

Metabolic adjustments in basal metabolism, thermic effect

of feeding and energetic efficiency may occur to meet the

increased energy needs of pregnancy under certain

physiological circumstances such as undernutrition and

overnutrition. The rise in BMR during pregnancy observed

in women from developed and developing countries

varies dramatically. The different patterns are discussed

extensively by Prentice et al.37 In well-nourished women

BMR usually begins to rise soon after conception and

continues to rise until delivery. Even in well-nourished

women considerable variation in the cumulative increase

in BMR is seen. In 10 American women the rise in BMR

ranged from 210 to 346MJ; women with the largest

cumulative increase in BMR deposited the least amount of

fat35. In women from developing countries with weight

gains around 9 kg, BMR usually begins to rise in the later

half of pregnancy. However, in undernourished Gambian

women a pronounced suppression of basal metabolism

has been demonstrated that persisted well into the third

trimester of pregnancy26. As a result, the cumulative area

Table 8 Total energy cost of pregnancy in well-nourished women with gestational weight gain of 13.8 kg

1st Trimester* 2nd Trimester 3rd Trimester Total deposition (g)

Rates of tissue deposition
Weight gain (g day21)** 20 70 62 13 800
Protein deposition (g day21)** 0 1.5 5.9 686
Fat deposition (g day21)** 6.0 21.7 19.4 4300

Total energy cost of pregnancy estimated from the increment in basal metabolic rate and energy deposition
Total energy cost (kJ)

Protein deposition (kJ day21) 0 35 140 16 217
Fat deposition (kJ day21) 232 841 752 166 419
Increment in basal metabolic rate (kJ day21) 249 465 1015 157 000
Efficiency of energy utilisation (kJ day21)*** 48 134 191 33 964
Total energy cost of pregnancy (kJ day21) 529 1475 2097 373 599

Total energy cost of pregnancy estimated from the increment in total energy expenditure and energy deposition
Total energy cost (kJ)

Protein deposition (kJ day21) 0 35 140 16 217
Fat deposition (kJ day21) 232 841 752 166 419
Increment in total energy expenditure (kJ day21) 100 400 1500 186 000
Total energy cost of pregnancy (kJ day21) 332 1276 2391 368 635

*Interval (79 d) computed from last menstrual period; total pregnancy (266 d).
**Total weight gain of 13.8 kg, protein deposition of 686 g, fat deposition 4.3 kg taken as 23.64 kJ g21 for protein and 38.70 kJ g21 for fat.
***Efficiency of energy utilisation taken as 0.90.

Table 9 Total energy cost of pregnancy in women with gestational weight gain of 12 kg

1st Trimester* 2nd Trimester 3rd Trimester Total deposition (g)

Rates of tissue deposition
Weight gain (g day21)** 18 60 54 12 000
Protein deposition (g day21)** 0 1.3 5.1 597
Fat deposition (g day21)** 5.2 18.9 16.9 3741

Total energy cost of pregnancy estimated from the increment in basal metabolic rate and energy deposition
Total energy cost (kJ)

Protein deposition (kJ day21) 0 30 121 14 109
Fat deposition (kJ day21) 202 732 654 144 784
Basal metabolic rate (kJ day21) 217 405 883 136 590
Efficiency of energy utilisation (kJ day21)*** 42 117 166 29 548
Total energy cost of pregnancy (kJ day21) 460 1283 1824 325 031

Total energy cost of pregnancy estimated from the increment in total energy expenditure and energy deposition
Total energy cost (kJ)

Protein deposition (kJ day21) 0 30 121 14 109
Fat deposition (kJ day21) 202 732 654 144 784
Total energy expenditure (kJ day21) 87 348 1305 161 820
Total energy cost of pregnancy (kJ day21) 289 1110 2080 320 713

*Interval (79 d) computed from last menstrual period; total pregnancy (266 d).
**Total weight gain of 12 kg, protein deposition of 597 g, fat deposition 3.74 kg taken as 23.64 kJ g21 for protein and 38.70 kJ g21 for fat.
***Efficiency of energy utilisation taken as 0.90.
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under the curve had become negative, indicating that the

average BMR in pregnancy was even lower than before

pregnancy. This is remarkable in light of gestational

weight gain. This finding of increased energetic efficiency

in the basal state in Gambian women was reproduced in

British38 and Dutch20 pregnant women; the thinner British

women showed a depression in BMR, adjusted for FFM,

up to 24 weeks of gestation38. In contrast, no correlation

was found between initial body fatness and changes in

BMR in Scottish47 or Gambian women36.

Thermic effect of feeding (TEF) refers to the increase in

energy expenditure above basal metabolism following the

ingestion of food. It is mainly due to the energy cost of

digestion, absorption, transport and storage of food, and

averages approximately 10% of the daily energy intake. It

has been hypothesised that the TEF during pregnancy

might be lowered through changes in metabolic substrate

routing. However, well-controlled human trials revealed

no38,48,49 or only minor changes in TEF of little nutritional

importance50–52.

It has been hypothesised that the energetic efficiency

of performing physical activities might be increased in

pregnancy. Prentice37 reviewed studies in which

changes in the energy cost of non-weight-bearing

(cyclo-ergometer exercise) and weight-bearing (tread-

mill exercise and step-test) activities were measured at a

standard pace and/or intensity31,36,38,40,53–59. The net

cost of non-weight-bearing activities (actual metabolic

rate minus basal metabolic rate) did not change

throughout pregnancy, except in late pregnancy when

it increased by about 10%. The net cost of weight-

bearing activity remained fairly constant during the first

two trimesters of pregnancy, and then increased

progressively up to term by about 15%. The fact that

the net cost remained stable up to the third trimester is

remarkable, since body weight at the end of the second

trimester is already substantially increased by 5–8 kg,

which implies an improvement in energetic efficiency to

perform weight-bearing work.

Meeting energy requirements during pregnancy

Increase in food intake during pregnancy

Most dietary studies in well-nourished women revealed

no or only minor increases in energy intake that only

partially covered the energy cost of pregnancy. An

analysis of available data from longitudinal studies in

populations with average birth weights .3 kg revealed a

cumulative intake of only 85MJ over the whole of

pregnancy or only 0.3MJ day21 or 25% of the estimated

needs37. Underestimation of dietary intake in longitudinal

studies due to subject fatigue or alterations in normal

eating habits during record keeping is likely. The

expected increment in energy intake (,20% above

prepregnant level) might be too small to be detected by

the commonly used food consumption methods.

The most compelling evidence of under-reporting

comes from simultaneous measurements of total energy

expenditure by the doubly labelled water method and

food intake60; there is no reason to believe pregnant

women differ in the inclination to under-report.

Reduction in physical activity

Theenergy cost of someone’sdailyphysical activitydepends

on the time-activity pattern, the pace or intensity of

performing the various activities, and body weight. Since

body weight increases over pregnancy, an increase in

energy cost occurs, at least for weight-bearing activities.

However, women may compensate for this by reducing the

pace or intensity with which the activity is performed.

Pregnantwomenmayalso change their activitypatterns, and

thereby reduce the amount of time spent onweight-bearing

activities. Both options assume that mothers are able to

change their daily activities or to change thepaceor intensity

of the work performed. This might be the case for many

women, but it certainly does not hold for all. For instance,

low-income women from developing countries often have

to continue their strenuous activity patterns until delivery. In

contrast, womenwhoare sedentary prior to pregnancy have

little flexibility to reduce their level of physical activity.

Time-motion studies provide valuable information on

the time spent in various physical activities. Time-motion

studies from various countries including Scotland, the

Netherlands, Thailand, the Philippines, Gambia and Nepal

found no conclusive evidence that women reduce the

energy cost of pregnancy by engaging in less activity61. A

review of 122 studies found that in most societies, women

were expected to continue with partial or full duties

throughout most of pregnancy62. Although time-motion

studies provide insight into activity patterns, they do not

give quantitative estimates on how much energy is

expended on activity. The doubly labelled water method

provides a quantitative estimate of the amount of energy

expended in physical activity. Unfortunately, the limited

number of doubly labelled water studies on pregnant

women is not representative of pregnant women globally.

Special considerations of underweight, overweight,

short stature and adolescence

Being either underweight or overweight during pregnancy

increases the risk of poor maternal and foetal outcomes.

Prepregnancy weights below 50 kg and heights below

150 cm are associated with increased risk of maternal

complications; prepregnancy weights below 45 kg and

heights below 148 cm were associated with poor foetal

outcomes3.

Maternal obesity is also associated with a higher risk for

maternal and foetal complications. Relative risk of neural

tube defects, spina bifida, congenital malformations and

preterm delivery are higher in overweight and obese

women. The incidence of hypertension, gestational
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diabetes and caesarean section were higher in overweight

and obese women when compared to women with BMI

between 18.5 and 24.963. The linear relationship between

gestational weight gain and birth weight is modified by

maternal prepregnancy BMI, such that women with lower

BMI must gain more to produce birth weights comparable

to women with normal BMI. Women with high BMI not

only produce infants with higher birth weights, but can do

so with lower gestational weight gains8. These relation-

ships were developed from US National Natality data and

are the basis for the IOM recommendations for gestational

weight gain by maternal prepregnancy BMI. International

guidelines for weight gain by prepregnancy BMI are not

available, however, the general principle probably holds.

Women with low prepregnancy BMI would benefit, in

terms of birth weight, from being at the upper end of the

range of gestational weight gains (10–14 kg) observed in

the WHO Collaborative Study2. However, the risk of

assisted delivery in women with short stature would have

to be considered, especially in areas with inadequate

obstetric care.

Dramatic changes in growth and development occur

during adolescence, when up to 20% of total growth in

stature can occur3. Special recognition of adolescent

pregnancy is important not only because of the nutritional

needs of the growing adolescent and foetus, but also

because of increased pregnancy complications associated

with an immature body. The risk of certain adverse foetal

and maternal outcomes is greater for adolescents. Women

under 18 years of age were at greater risk of preterm

delivery64 low birth weight64–67 and small for gestational

age infants than older women65. Higher risk is associated

with being at the younger end of the 13–19 year age

range67. Risk of maternal complications, particularly

assisted delivery, was the same or lower for adoles-

cents65,66,68,69.

Energy requirements of lactating women

Introduction

From the 1985 FAO/WHO/UNU report on Energy and

Protein Requirements1 the following definition of energy

requirements of lactation can be reconstructed:

‘The energy requirement of a lactating woman is the level of

energy intake from food that will balance her energy

expenditure when the woman has a body size and

composition and a breast milk production which is consistent

with good health for herself and her child; and that will allow

her for the maintenance of economically necessary and

socially desirable physical activity.’

To operationalise this definition, the energy cost of

milk production must be added to women’s energy

requirements, assuming that they resume their usual level

of physical activity. Human milk production is remarkably

similar across populations. Prentice et al.70 reviewed data

on the volume of milk produced at peak lactation from 26

studies from different nutritional and cultural settings.

Although milk composition varies, the mean amount of

milk produced by mothers from developed countries was

quite similar to women from developing countries.

Although milk production is remarkably robust, the extent

of exclusive breastfeeding and the duration of breastfeed-

ing, which of course impact energy turnover in the

postpartum period, vary significantly among women.

Exclusive breastfeeding is recommended for the first 6

months postpartum with introduction of complementary

foods and continued breastfeeding thereafter71.

Energy cost of lactation

The amount of milk produced, the energy content of the

milk, and the energetic efficiency of milk synthesis will

determine the energy cost of lactation. Any alterations in

maternal basal metabolism, thermogenesis or physical

activity during lactation would impact the total energy

requirements of lactating women.

Milk production

Milk production rates in women from developed and

developing countries are presented from 0 to 24 months

postpartum in Table 10, based on a WHO comprehensive

review72. Mean milk production rates through 5 months

postpartum are almost identical (749 g day21) for exclu-

sively-breastfeeding women in developed and developing

countries. From 6months onwards, partial breastfeeding is

recommended. The variation in milk production is larger,

as infant intake is reduced by the amount and nature of

complementary feedings. Mean milk production rates

were 492 and 608 g day21 in partially breastfeeding

women from developed and developing countries,

respectively.

Energy content of human milk

The energy content of human milk depends primarily on

milk fat concentration which shows complex diurnal,

within-feed and between-breast fluctuations. 24-hour milk

sampling schemes have been developed which minimally

interfere with the secretion of milk flow and capture the

diurnal and within-feed variation73. Gross energy content

Table 10 Milk production rates of exclusively and partially breast-
feeding women from developed and developing countries72

Postpartum period
(months) 0–2 3–5 6–8 9–11 12–23

Milk production (g day21)
Exclusive breastfeeding
Industrialised countries 710 787 803 900
Developing countries 714 784 776

Partial breastfeeding
Industrialised countries 640 687 592 436 448
Developing countries 617 663 660 616 549
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of milk was measured on representative 24-hour milk

samples using adiabatic bomb calorimetry or proximate

analysis in a number of studies of well-nourished women

(Table 11). The mean gross energy of milk from these

studies was 2.80 kJ g21 or 0.67 kcal g21.

Efficiency of converting dietary energy to milk

energy

In order to appropriately apply the factorial method to

determine the energy cost of lactation, the efficiency of

converting dietary energy into human milk is required.

Energetic efficiency has been estimated from theoretical

biochemical efficiencies of synthesising the constituents in

milk and from metabolic balance studies74.

Biochemical efficiency can be calculated from the

stoichiometric equations and the obligatory heat losses

associated with the synthesis of lactose (95%), protein

(88%), de novo fat synthesis (73%), and transfer of

performed fat (98%). Depending on the amount of

performed fat, the biochemical efficiency would be

about 91–94%. This estimate would represent the maximal

efficiency since digestive, absorptive, inter-conversion and

transport costs have been ignored. Because of such

omissions, calorimetric efficiencies are usually 10–15%

lower than biochemical efficiencies12. Applying this

correction to the estimate of biochemical efficiency

derived above (91–94%) would yield a figure of 80–85%.

Crude estimates of the energetic efficiency of milk

synthesis have been made in humans. Thompson75

derived a figure of 80% efficiency from the lower 95%

confidence level based on differences in food intake

between lactating and non-lactating women; no measure-

ments of milk energy transfer or changes in maternal fat

stores were made. Calorimetry data on lactating women

also have been used to estimate the energetic effi-

ciency41,76. Based on the assumption that BMR encom-

passes the extra cost of milk synthesis, and that milk

synthesis is a continual process, efficiencies of 94% in

Gambian women and 99, 97 and 111% in British lactating

women were calculated. Apparent efficiency in excess of

100% can only be explained by down-regulation of other

metabolic processes or by measurement errors. Given the

imprecision of these estimates, the biochemical derivation

of 80% seems reasonable.

Total energy expenditure by respiratory

calorimetry or doubly labelled water method

Room respiration calorimetry has been performed on

lactating and non-lactating postpartum women39. 24-hour

TEE and sleeping metabolic rate were higher in lactating

than in non-lactating women, most likely because of the

energy cost of milk synthesis and possibly because of

heightened sympathetic nervous system and adrenal

activity. During the course of the 24-hour calorimetric

study, women expressed all their milk, which was

analysed by bomb calorimetry. Milk energy output

averaged 2167 and 1920 kJ day21 at 3 and 6 months,

respectively. Mean PAL within the confines of the

calorimeter was 1.34. Based on these findings the

minimum energy requirement of exclusively breastfeeding

women would be 1.4 times BMR, plus 2000 kJ day21 to

support milk production.

Table 11 Gross energy content of human milk measured by bomb calorimetry or proximate analysis of 24-hour representative milk
samples

Reference Method Month of lactation Gross energy content (kJ g21) Gross energy content (kcal g21)

Wood, 1982101 Bomb calorimetry 1 2.75 0.66
2 2.72 0.65
3 2.55 0.61
4 2.53 0.61
5 2.36 0.57

Butte, 1984102 Bomb calorimetry 1 2.85 0.68
2 2.68 0.64
3 2.59 0.62
4 2.68 0.64

Garza, 198673 Bomb calorimetry 1 3.01 0.72
4 3.05 0.73

Sadurskis, 198881 Bomb calorimetry 2 2.68 0.64
Butte, 1990103 Bomb calorimetry 1 2.76 0.66

4 2.59 0.62
Dewey, 1991104 Protein, fat, lactose 3 2.93 0.70

23.6, 38.7, 16.5 kJ g21 6 3.01 0.72
5.65, 9.25, 3.95 kcal g21 9 3.10 0.74

12 3.10 0.74
Motil, 1997105 Bomb calorimetry 6 2.80 0.67

12 2.80 0.67
18 3.00 0.72
24 2.80 0.67

Butte, 200177 Bomb calorimetry 3 2.68 0.64
Mean 2.78 0.67
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Free-living TEE has been measured in lactating women

using thedoubly labelledwatermethodand activity diaries.

Doubly labelled water studies in well-nourished women

are summarised in Table 12. TEE and AEE during lactation

were not significantly different from NPNL state in

American and Swedish women35,42,77. In the British

study41, there was a reduction in TEE caused mainly by a

reduction in physical activity, since BMR was unchanged.

Socioeconomic and cultural factors, no doubt, influence

postpartum changes in AEEwithin and across societies, but

lactating women are capable physiologically of resuming

their usual level of physical activity shortly after delivery.

Doubly labelled water method has been used in

lactating Mesoamerindians in Mexico78 (Table 13). Mean

TEE were 8912 and 9253 kJ day21 for women with lower

and higher BMI, respectively. TEE estimated by minute-to-

minute observations of pregnant and lactating Nepali

women was significantly influenced by season45. Lactating

women had lower TEE during winter, but not the spring or

monsoon season when all women sustained long hours of

physical activity. Marked seasonal changes in physical

activity and energy requirements have been shown to

affect the reproductive and lactation performance of rural

Gambian women79.

Total energy requirements during lactation

Total energy requirements during lactation can be

estimated by the factorial approach whereby the cost of

milk production is added to the energy requirements of

non-pregnant women, with an allowance made for energy

mobilisation from tissue stores if replete. Energy cost of

milk production requires knowledge of the amount of

milk production, energy density of milk, and the energetic

efficiency of milk synthesis (Table 14).

Total energy requirements ¼ ðNPNL BMR £ PALÞ

þ ðMilk production £ energy density

£ conversion efficiencyÞ

2 ðEnergy mobilisation from tissue storesÞ

For exclusive breastfeeding through 5 months postpartum,

the energy cost of lactation would be 2.62MJ day21 based

on a mean milk production of 749 g day21, energy density

of milk of 2.8 kJ g21, and energetic efficiency of 0.80. In

well-nourished women, this may be subsidised by energy

mobilisation from tissues on the order of 0.72MJ day21,

resulting in a net increment of 1.9MJ day21 over NPNL

energy requirements.

For partial breastfeeding from 6 to 24 months

postpartum, the energy cost of lactation would be

1.93MJ day21 based on a mean milk production of

550 g day21, energy density of milk of 2.8 kJ g21, and

energetic efficiency of 0.80. Weight loss is usually minor

beyond 6 months postpartum; therefore, total energy cost T
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of milk production must be derived from diet. Total energy

requirements of partially lactating women beyond

6 months postpartum would be 1.93MJ day21 over NPNL

energy requirements. In reality, milk production rate, and

therefore the associated energy cost, is extremely variable

in partially breastfeeding women, and depends upon

complementary feeding practices.

Alternatively, total energy requirements may be

estimated from the sum of TEE plus milk energy output,

minus the energy mobilised from tissues.

Total energy requirements ¼

TEEþ ðMilk production £ energy densityÞ2

ðEnergy mobilisation from tissue storesÞ

Knowledge of TEE circumvents any assumptions regard-

ing the energetic efficiency of milk synthesis or activity

energy expenditure, since they are included in TEE. This

approach was taken in four studies of well-nourished

women between 1 and 6 months postpartum41,42,77,80

(Table 15). Milk energy output averaged 2.15MJ day21.

TEE plus milk energy output averaged 11.74MJ day21.

Total energy requirements were 11.38MJ day21, since

0.72MJ day21 was mobilised from tissue stores.

Metabolic adjustments to meet the energy cost of

lactation

Basal metabolism

The BMR of lactating women would be expected to be

slightly elevated if milk synthesis is a continuous process.

At energetic efficiencies of 80 and 95%, milk synthesis

would increase BMR by 11 or 2%, respectively. An increase

less than this would be indicative of energy-sparing.

Comparisons of BMR in lactating and NPNL women

have yielded equivocal results. Some studies have shown a

slight increase in BMR42,81,82 or a decrease57, but the

majority have shown similar BMR in the lactating and non-

lactating state41,77,83–85. Since BMR is unchanged orT
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Table 14 Energy cost of milk production for exclusive and partial
breastfeeding 0–24 months postpartum

Postpartum period
(months) 0–2 3–5 6–8 9–11 12–23

Energy cost of milk production
(MJ day21)

Exclusive breastfeeding
Industrialised countries 2.49 2.75 2.81 3.15
Developing countries 2.50 2.74 2.72

Partial breastfeeding
Industrialised countries 2.24 2.40 2.07 1.53 1.57
Developing countries 2.16 2.32 2.31 2.16 1.92

Energy cost of lactation based on milk production rates72, milk energy den-
sity of 2.8 kJ g21 and energetic efficiency of milk synthesis of 0.80.
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slightly elevated during lactation, there is little evidence

for energy conservation.

Thermic effect of feeding

Two longitudinal studies have been published on changes

in TEF in response to a standardised liquid meal during

lactation. Illingworth et al.85 observed a significant

reduction in TEF of 30% during lactation, whereas Spaaij

et al.82 did not observe a difference compared with the

prepregnancy baseline measurement. TEF in lactating and

non-lactating women also has been evaluated in two

cross-sectional studies86,87. In both studies the energy

content of the test meals was not similar for lactating and

non-lactating women, and therefore the findings are

difficult to interpret. Although equivocal, available

evidence does not support significant changes in TEF

during lactation.

Metabolic efficiency of performing physical activities

Several investigators have measured the energy cost of

cycle ergometer or treadmill exercise in postpartum

women57,82,88. The available results indicate that the

gross and net energy cost of these standardised activities

in lactation is not different from the values in the

non-pregnant non-lactating state.

Meeting energy requirements during lactation

Reduction in maternal energy stores

Fat stores accumulated during pregnancy may cover part

of the energy cost of lactation. Utilisation of tissue stores to

support lactation is not obligatory and the extent to which

energy is mobilised to support lactation depends on the

nutritional status of the mother and amount of weight

gained during pregnancy.

Changes in weight and body composition during

lactation are variable, and depend on gestational weight

gain, lactation pattern and duration, physical activity level

and seasonal food availability37. Weight changes are

usually highest in the first 3 months of lactation and are

generally greater in women who breastfeed exclusively. A

review of 17 studies found that mean rates of weight

change in the first 6 months postpartum are generally

greater in well-nourished women (20.8 kg per month)

than undernourished women (20.1 kg per month)89.

Based on an energetic factor of 27.2MJ kg21, these rates of

weight loss would be equivalent to 21.8MJ per month or

0.72MJ day21 in well-nourished women, and 2.7MJ per

month or 90 kJ day21 in undernourished women.

In well-nourished women it is reasonable to estimate

that 0.72MJ day21 of tissue stores may be utilised to

support lactation during the first 6 months postpartum. For

women who are underweight, or did not gain sufficient

weight during pregnancy, it is recommended that the full

energy cost of lactation should be provided.

Reduction in physical activity

The ability of mothers to change their daily activities or to

change pace or intensity of the work performed will

depend on their culture and socioeconomic situations.

Time-motion studies have been conducted longitudin-

ally24,41,59,81 and cross-sectionally45,90 in lactating women.

Although study designs and research methodology varied,

some patterns emerged from these studies. In developed

countries women tend to decrease total physical activity in

the first month postpartum, and to resume their usual

levels of physical activity thereafter. In developing

countries, physical activity levels are generally higher

and therefore the potential for savings by reducing

expenditure is greater. However, in everyday practice

these women cannot or may not reduce their activities

during lactation, except for certain temporary cultural

practices. There does not appear to be any sustained

change in activity patterns between lactating and non-

lactating women after the initial months of breastfeeding.

Table 15 Total energy requirements during lactation estimated from total energy expenditure, milk energy output and energy mobilisation
in well-nourished women

Reference Country n
Measurement period
(weeks postpartum)

TEE
(MJ day21)

Milk energy
output

(MJ day21)

Total energy
requirements
(MJ day21)

Energy
mobilisation
(MJ day21)

Net energy
requirement
(MJ day21)

Lovelady, 199380 USA 9 12–24 10.10 2.20 12.30 1.20 11.10
Goldberg, 199141 UK 10 NP 9.78

4 8.83 2.24 11.07 11.07
8 9.09 2.23 11.32 11.32
12 8.95 2.22 11.17 11.17

Forsum, 199242 Sweden 23 NP 10.80
23 8 10.60 1.97 12.57 0.30 12.27
23 24 10.80

Kopp-Hoolihan, 199935 USA 10 NP 9.23
10 4–6 8.98

Butte, 200177 USA 24 NPNL 10.58
24 12 10.01 2.02 12.03 0.65 11.38

Mean 2.15 11.74 0.72 11.38

Abbreviations: TEE – total energy expenditure; NPNL – non-pregnant, non-lactating.
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Increase in food intake

Many food consumption surveys throughout lactation have

been published20,91–95. The average increases in energy

intake during lactation variedwidely from 0.2MJ day21 in a

study with English women94 to 2.5MJ day21 in Mexican

women91. The average increase in energy intake in the

longitudinal studies by peak lactation was 1.5MJ day21.

Because energymobilisation from tissues is modest, it must

be concluded that the energy cost of lactation is met

primarily through dietary intake.
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40 Heini A, Schutz Y, Jéquier E. Twenty-four-hour energy
expenditure in pregnant and nonpregnant Gambian
women, measured in a whole-body indirect calorimeter.
American Journal of Clinical Nutrition 1992; 55: 1078–85.

41 Goldberg GR, Prentice AM, Coward WA, Davies HL,
Murgatroyd PR, Sawyer MB, Ashford J, Black AE.
Longitudinal assessment of the components of energy
balance in well-nourished lactating women. American
Journal of Clinical Nutrition 1991; 54: 788–98.

42 Forsum E, Kabir N, Sadurskis A, Westerterp K. Total energy
expenditure of healthy Swedish women during pregnancy
and lactation. American Journal of Clinical Nutrition 1992;
56: 334–42.

43 Heini A, Schutz Y, Diaz E, Prentice AM, Whitehead RG,
Jequier E. Free-living energy expenditure measured by two
independent techniques in pregnant and nonpregnant
Gambian women. American Journal of Physiology 1991;
261: E9–17.

44 Singh J, Prentice AM, Diaz E, CowardWA, Ashford J, Sawyer
M, Whitehead RG. Energy expenditure of Gambian women
during peak agricultural activity measured by the doubly-
labelled water method. British Journal of Nutrition 1989;
62: 315–29.

45 Panter-Brick C. Seasonality of energy expenditure during
pregnancy and lactation for rural Napali women. American
Journal of Clinical Nutrition 1993; 57: 620–8.

46 Dufour DL, Reina JC, Spurr G. Energy intake and
expenditure of free-living, pregnant Colombian women
in an urban setting. American Journal of Clinical Nutrition
1999; 70: 269–76.

47 Durnin JVGA. Energy metabolism in pregnancy. In: Cowett
R, ed. Principles of Perinatal-Neonatal Metabolism. New
York: Springer, 1992, 228–36.

48 Spaaij CJK, van Raaij JMA, van der Heijden LJM, Schouten
FJM, Drijvers JJMM, de Groot LCPGM, Boekholt HA,
Hautvast JGAJ. No substantial reduction of the thermic
effect of a meal during pregnancy in well-nourished Dutch
women. British Journal of Nutrition 1994; 71: 335–44.

49 Nagy NE, King JC. Postprandial energy expenditure and
respiratory quotient during early and late pregnancy.
American Journal of Clinical Nutrition 1984; 40: 1258–63.

50 Illingworth PJ, Jung RT, Howie PW, Isles TE. Reduction in
postprandial energy expenditure during pregnancy. British
Medical Journal 1987; 294: 1573–6.
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