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Abstract

Postpartum weight retention (PPWR) is an important risk factor for long-term obesity.
Accurate assessment and understanding of energy expenditure and other metabolic characteristics
of postpartum women may improve weight management following childbirth. The overall aims of
this research were to investigate the energy metabolism profile of postpartum women; and to
explore key metabolic characteristics associated with weight retention during this life stage.
Additionally, the validity of resting energy expenditure (REE) predictive equations was explored,
as well as the accuracy of current recommendations in predicting total energy expenditure (TEE).

This was a longitudinal observational study involving women at three (3M-PP; n=52) and
nine months postpartum (9M-PP; n=49); some measurements were only undertaken at 9M-PP.
Women were stratified as high (>4.8 kg) or low (<4.8 kg) weight retainers. Energy expenditure
and macronutrient oxidation were measured by whole body calorimetry (WBC). Body
composition was determined using dual-energy X-ray absorptiometry. Appetite sensations (i.e.
hunger, prospective food consumption [PFC], fullness, satiety) were assessed using visual
analogue scales, the results of which were then used to calculate a composite appetite score (CAS).
Lactation pattern was measured using a 3-day breastfeeding diary including a 24-h infant test
weighing protocol. Cardiorespiratory fitness was determined through a fitness test measuring the
predicted maximal volume of oxygen consumption (pVO> max). REE was compared to 17
commonly used predictive equations; measured TEE was compared to the Estimated Energy
Requirements/DRI equation (EERpry).

This research showed that REE, TEE, and pVO, max were lower in high-retainers than
low-retainers. REE at 3M-PP was negatively associated with PPWR at 3M-PP (mean 8 = SE: -

0.570 = 0.196, P=0.004) and 9M-PP (-0.688 = 0.252, P=0.006). An increase in REE from early to
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late postpartum was observed in low-retainers, which was greater than predicted by changes in
body composition. This was not observed in high-retainers. Daily duration of lactation episodes
was associated with higher CAS (39.68 £+ 15.56, P=0.015), hunger (3.56 + 1.61, P=0.033), and
PFC (4.22 £ 1.78, P=0.023), and with reduced sensations of fullness (-4.18 £ 1.94, P=0.038) and
satiety (-3.83 £ 1.87, P=0.048). Women’s perceptions of appetite were associated with PPWR
(fullness: -2.97 + 0.72, P<0.001; satiety: -2.75 + 0.81, P=0.002; hunger: 2.19 + 1.02, P=0.039,
PFC: 2.19+ 0.91, P=0.021, and CAS: 0.34 + 0.09, P=0.001). Daily carbohydrate oxidation and
physical activity level were also associated with appetite sensations. Several REE predictive
equations performed well at a group level at both time points. At an individual level, high rates of
inaccuracy and wide limits of agreement were observed. Compared to TEE, EERpr1 yielded
inaccurate results for 33% of women, however accounting for individual lactation patterns
improved accuracy.

In conclusion, lactation pattern, carbohydrate oxidation, and physical activity level were
associated with appetite sensations. Along with appetite, energy expenditure and cardiorespiratory
fitness were associated with body weight regulation. Additionally, commonly used predictive
equations did not accurately estimate energy expenditure at an individual level. Collectively, these
findings have the potential to contribute to 1) the development of future weight management
strategies in postpartum women by targeting appetite and energy metabolism; and 2) the formation
of energy recommendations tailored to the needs of individual postpartum women. These may also

assist in promoting appropriate body weight and improving care during this life stage.
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Chapter 1: Introduction

1.1 Thesis Organization

This thesis has been prepared as a paper-format according to specifications provided by the
Faculty of Graduate Studies and Research at the University of Alberta. Following the Introduction
is a Literature Review (Chapter 2), three individual manuscripts (Chapters 3—5), and a Discussion
and Conclusions section (Chapter 6). A preface precedes Chapters 3, 4, and 5 with a brief
description of each study. A Case report is included as Appendix 1. Related figures and tables are

provided at the end of each chapter.

1.2 Rationale

Obesity is a major public health problem. A recent report by Statistics Canada (1) showed
the prevalence of overweight and obesity for women aged 18-34 years was 25% and 19%,
respectively, and for women aged 35-49 years was 29% and 27%, respectively. In Canada, the
economic impact of obesity, considering both direct costs to the health care system and indirect
costs to productivity, is estimated to range from 4.6 to 7.1 billion dollars annually (2).

Postpartum weight retention (PPWR) is an important contributor to increased obesity rates
in women (3). Weight gain during pregnancy and limited or lack of weight loss after pregnancy
can increase the risk of longer-term weight retention (4, 5). In a follow-up study by Rooney and
Schauberger (6), women who returned to their prepregnancy weight by six months postpartum
were 2.4 kg heavier at 10 years postpartum, while women who retained any pregnancy weight
were 8.3 kg heavier 10 years later. Weight retention following childbirth is estimated to be between
0.5 and 4 kg at one year postpartum with wide inter-individual variability (3-5, 7); for example, a
gain of 27.5 kg to a loss of 19.09 kg from prepregnancy to one year postpartum have been reported
in a prospective cohort study (8).

The multifactorial nature of PPWR may contributed to inter-individual variability in weight
loss (3, 9). A better understanding of individual differences in factors that drive weight changes in
the postpartum period is important to develop strategies to manage this issue. Prepregnancy body
mass index (BMI), and gestational weight gain (GWG) are well-documented important risk factors
for PPWR (10-12). Other changes that might affect maternal body weight, include hormonal

fluctuations, psychological changes, altered sleep patterns (13), changes in dietary intake, physical



activity, body composition, and lactation (14, 15). Energy metabolism is often overlooked, and yet
itis re-emerging as a factor in body weight regulation (16). Previous studies (17-22) were primarily
focused on metabolic adaptations related to the energy cost of lactation rather than the relationship
between energy metabolism and PPWR. Using the energy balance concept to explore weight
change provides an opportunity to integrate physiological and behavioral determinants of energy
expenditure and food intake with dynamic changes in body composition (23). Numerous factors
play a role in the regulation of food intake, including appetite control. Measures of appetite have
been developed to evaluate its potential contribution to weight change, and although research in
the postpartum period is limited, most studies in obesity research have shown that measures of
appetite predict subsequent energy intake and indicate potential changes in body weight (24-26).
Therefore, all these factors may contribute to challenges for nutritional recommendations
and weight management interventions after pregnancy. Energy requirements form the basis of all
nutritional guidelines; excessive energy consumption over time leads to weight gain, i.e., a
“positive” energy balance. Postpartum energy requirements are based on observations made
decades ago (17, 19, 21, 27). As such, the current recommendation may not be appropriate for
contemporary women. To determine accurate energy recommendations, total energy expenditure
(TEE) must be characterized. As TEE is inherently costly to measure, resting energy expenditure
(REE), the largest component of TEE, is most often used to understand energy expenditure in
postpartum women. In clinical practice, energy expenditure is often estimated using predictive
equations. Few studies have sought to describe the accuracy of TEE calculations or examine how
REE (and the accuracy of predictive equations) might influence weight change throughout the
postpartum period. Given the present state of the literature and existing gaps, additional research
is required to understand components of energy expenditure, appetite, and other factors affecting

PPWR in order to develop strategies to achieve adequate weight management following childbirth.



1.3 Purpose

The overall purpose of this research was to investigate the energy metabolism profile! of
postpartum women and to explore key metabolic characteristics® associated with weight retention
during this life stage. Additionally, this research aimed to examine the validity of predictive
equations to assess REE, and to examine the accuracy of current recommendations in predicting

TEE in postpartum women.

1.4 Research Questions
The research questions for this thesis were:
In women at three and nine months postpartum:
1. Is there a difference in energy metabolism between high and low weight retainers?
2. Is there a change in REE and fasting RQ from three to nine months postpartum in high
retainers and low weight retainers, and in the entire sample?
3. What is the association between energy metabolism and PPWR?
4. Do commonly used prediction equations accurately estimate REE?
In women at nine months postpartum:
1. Does the current energy recommendation (Dietary Reference Intakes [DRI]) accurately
estimate TEE?
2. What is the relationship between PPWR and appetite sensations (hunger, prospective food
consumption [PFC], satiety, fullness) under conditions where energy intake and

expenditure are precisely matched?

! Energy metabolism profile (measured in a whole body calorimetry unit)

At three months postpartum: resting energy expenditure (REE); fasting respiratory quotient (RQ)
At nine months postpartum: REE; exercise energy expenditure; sleep energy expenditure; total
energy expenditure; predicted maximal volume of oxygen consumption (pVOmax), fasting RQ;
Exercise RQ); Sleep RQ); 24-h RQ.

2 Metabolic characteristics: Appetite sensations (hunger, prospective food consumption, satiety,
fullness) and overall motivation to eat (i.e., composite appetite score); energy metabolism (energy
expenditure, RQ, macronutrient oxidation, physical activity level, pVO.max); body composition
(fat mass, fat-free mass); biochemical parameters (glucose, insulin, free-fatty acids, triglycerides);
lactation (breast milk energy output, daily duration of lactation episodes).



3. Is there an association between appetite sensations and other metabolic variables? under

conditions where energy intake and expenditure are precisely matched?

1.5 Objectives and Hypotheses

The objectives and hypotheses of this thesis were:

1.5.1 The influence of energy metabolism on postpartum weight retention (Chapter
3).
Women at three and nine months postpartum.
Objectives:
la. To profile key components of energy metabolism!' comparing high versus low weight
retainers.
Ib. To assess changes in REE and fasting RQ from three to nine months postpartum in high
retainers and low weight retainers, and in the entire sample.
Ic. To determine the association between energy metabolism and PPWR.
Hypotheses:
la. Compared to low weight retainers, high weight retainers will present with a less favorable
energy metabolism profile (i.e., lower energy expenditure rates and pVO,max, and higher
RQ).
Ib. From three to nine months postpartum: 1) REE will decrease in high weight retainers, and it
will not change in low weight retainers, and in the entire sample; 2) Fasting RQ will not change
in high weight retainers, and it will decrease in low weight retainers, and in the entire sample.

Ic. Energy metabolism will be negatively associated with PPWR.

1.5.2 Associations of appetite sensations and metabolic characteristics with weight
retention in postpartum women (Chapter 4).
Women at nine months postpartum whose energy intake and expenditure were precisely matched

for I day in a whole body calorimetry unit.



Objectives:

2a. To examine differences in appetite sensations (hunger, PFC, satiety, fullness) and overall
motivation to eat (i.e., composite appetite score [CAS]) between high and low weight
retainers.

2b. To determine associations between appetite sensations and PPWR.

2c. To determine associations between appetite sensations and other metabolic variables?.

Hypotheses:

2a. Compared to low weight retainers, hunger, PFC, and overall motivation to eat sensations will
be greater, and satiety and fullness sensations will be lower in high weight retainers.

2b. PPWR will be positively associated with hunger, PFC, and overall motivation to eat
sensations; and negatively associated with satiety and fullness sensations.

2c. Appetite sensations will be associated with energy metabolism, body composition,

biochemical parameters, and lactation patterns.

1.5.3 The use of whole body calorimetry to compare measured versus predicted
energy expenditure in postpartum women (Chapter 5).
Women at three and nine months postpartum:
Objectives:
3a. To assess the accuracy of commonly used REE predictive equations compared to measured
REE.
3b. To assess differences in the accuracy of predictive equations commonly used in clinical
practice among subgroups of women based on their current BMI classification, and lactation
status.
Hypotheses:
3a. Compared to measured REE, most REE prediction equations will have an unacceptable group-
level agreement (bias > + 10%), and poor individual-level agreement (wide limits of
agreement [LOA]-absolute LOA > 20%, and high rates of inaccuracy).
3b. REE equation bias and LOA will be poorer in women with obesity.

3c. REE equation bias and LOA will be poorer in lactating women.



Women at nine months postpartum.

Objectives:

4a. To assess accuracy of the current energy recommendation (DRI) compared to measured TEE.

4b. To compare measured TEE to energy recommendations among subgroups of women based
on their current BMI classification and lactation status.

Hypotheses:

4a. The average energy recommendation will be significantly higher than the measured TEE
(group-level agreement) and will have wide variation in individual-level agreement.

4b. TEE bias and LOA will be poorer in women with obesity.

4c. TEE bias and LOA will be poorer in lactating women.
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Chapter 2: Literature Review

2.1 Preface

This chapter reviews the literature on weight change, energy expenditure, and appetite in
women during the postpartum period. It begins by defining postpartum weight retention (PPWR)
and identifying the variability in this outcome. The chapter then briefly describes the consequences
of PPWR, including its place in the global obesity epidemic, and reviews the wide-ranging and
complex factors that influence body weight trajectory after pregnancy. The chapter then provides
a critical review of the literature on energy expenditure in the postpartum period and highlights
landmark studies that assess total energy expenditure in this life stage. Finally, the chapter reviews
and describes factors that influence appetite sensations, including lactation, and some

methodological considerations for the assessment of appetite sensations.
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2.2 Postpartum Body Weight

An increasing body of evidence consistently shows that maternal body weight status and
suboptimal maternal nutrition prior to, during, and after pregnancy can impact the long-term health
of the mother and offspring later in life (1). The “Developmental Origins of Health and Disease”
hypothesis, pioneered by Dr. David Barker, provides evidence to suggest that weight management
during a woman’s reproductive years has benefits for both the mother and the next generations (2).
This hypothesis suggests that the environment in utero, which is influenced by nutrition and weight
gain, programs the fetus and can affect metabolism, organ structure, and physiological functions
to permanently alter disease risk later in life (2); this process is known as developmental
programming. Therefore, optimal nutrition and body weight status during the childbearing years
are crucial to obtain best health outcomes for women and their offspring and future generations.

In 2009, the Institute of Medicine published revised guidelines for the amount of weight
that a woman should gain throughout pregnancy (3). Health Canada adopted these guidelines in
2010 (4). The guidelines recommend ranges of weight gain based on a woman’s prepregnancy
body mass index (BMI). After childbirth, women are expected to lose the weight they gained
during pregnancy. However, weight loss in the postpartum period is highly variable (5), and PPWR
may have negative implications, including long-term obesity (6-10) and other adverse health
outcomes for the mother and infant in future pregnancies and later in life (11-13). Therefore, public
health researchers are recognizing excess weight gain specific to childbearing, including
postpartum weight retention, as a new public health challenge among women (12) that deserves

further investigation.

2.2.1 Definitions and variability.

The postpartum period is characterized by shifts in physiological processes and body shape
as a woman’s body moves from pregnancy to lactation to weaning of the child, and back to the
nonpregnant, nonlactating state. Although the postpartum period is recognized as the time
immediately following the birth of a baby, its duration is defined by the mother, and it often does
not have a definitive end. Many of the morphological changes that occur during pregnancy, such
as pregnancy-related fluid distribution, persist for up to six weeks postpartum (5, 14, 15). Given
that other physiological and psychological changes, including breastfeeding, may extend beyond

six weeks, the definition of the postpartum period can extend to one year after giving birth (16).
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Changes in a woman's body weight are also characteristic of the postpartum period. Postpartum
weight retention refers to weight change—loss or gain—from prepregnancy to postpartum (17-
20). As such, the term PPWR will be used throughout this thesis to refer to the difference between
postpartum weight (at three or nine months postpartum) and prepregnancy weight.

At one year postpartum, the average PPWR generally ranges from 0.5 kg to 4 kg (21-25),
yet weight change in the postpartum period can vary widely, ranging from, for example, a gain of
27.5 kg to a loss of 19.09 kg from prepregnancy to one year postpartum (22). Several studies (5,
18, 22, 23, 26-28) that assessed maternal body weight trajectory after pregnancy have reported
consistently that approximately 20% of women are 5 kg above their prepregnancy weight at one
year postpartum. These findings highlight that a subset of women seems to be at increased risk
of retaining significant amounts of weight following pregnancy. Despite variability in body
weight change after pregnancy and the potential long-term health impact of PPWR, detailed
guidelines have not been established to define cut-points for excess PPWR (17). There is, however,
an average postpartum weight loss reported and used by the dietary reference intake (DRI)
guidelines (29). These guidelines are based on a review by Butte and Hopkinson (30) of nine
longitudinal studies conducted with affluent postpartum women that showed that well-nourished
women experience an average weight loss of 0.8 kg/month in the first six months postpartum (total
4.8 kg weight loss). Weight stability is assumed after this period (29), and there is no consensus
about the timelines for continued weight loss after the first six months postpartum. The present
study defines women with excess PPWR (high retainers) based on the current DRI
recommendations for postpartum weight loss over six months (4.8 kg weight loss) (29), and on the
aforementioned literature (5, 18, 22, 23, 26-28) that reports that approximately 20% of women
retain ~5 kg at one year postpartum compared to prepregnancy weight. Therefore, extrapolating
the 4.8 kg value, this thesis defines those women who retained > 4.8 kg at nine months postpartum

as high retainers.

2.2.2 Consequences of postpartum weight retention.

2.2.2.1 Obesity.
Gestational weight gain (GWGQ) and failing to lose weight in the postpartum period puts

women at risk of obesity. Childbearing years, therefore, are an important life stage for weight

12



management (18). The worldwide prevalence of obesity nearly tripled between 1975 and 2016
(31). As of 2016, global estimates from the World Health Organization (31) showed that
approximately 40% of women aged 18 years and over were overweight, and of those, 15% were
obese. In 2017, the prevalence of overweight and obesity among Canadian women aged 18 to 34
years was 25% and 19.3%, and for women aged 35 to 49 years old it was 28.9% and 27.4%,
respectively (32). From an economic perspective, the burden of obesity in Canada is estimated to
range from $4.6 to $7.1 billion annually, considering both direct costs to the healthcare system and
indirect costs to productivity (33).

Concordant with the rates reported in women of childbearing age, rates of obesity in
pregnancy are also increasing (34), and the cost and use of healthcare services is high for women
who enter pregnancy overweight or obese (35). The findings that weight gain during pregnancy
and the potential lack of, or limited, weight loss after pregnancy increases the risk of longer-term
obesity are consistent across studies and worldwide. Longitudinal studies of women in the United
States (36, 37), for example, have shown that women who have had a child were approximately 2
to 3 kg heavier in the follow-up period than those who have not. In a prospective cohort study of
Canadian women (20), BMI increased by approximately 1.5 kg/m? from prepregnancy to 10 to 12
weeks postpartum across all prepregnancy BMI categories. A population-based study of 58,534
Canadians who experienced successive pregnancies (6) demonstrated that ~25% of women were
> 5 kg heavier at the beginning of a subsequent pregnancy, ~9% were heavier by 10 kg or more,
and ~2% of women developed obesity after starting a previous pregnancy with a normal BMIL
Similarly, a large cohort study of more than 56,000 Norwegian women (7) found that
approximately 13% of women moved from a normal prepregnancy BMI to an overweight BMI
classification by six months postpartum. Other prospective studies of women in the United States
and Europe (8-10) demonstrated that lack of weight loss in the postpartum period was associated
with higher body weight for up to 7 to 15 years following pregnancy. The effects of weight changes
related to pregnancy may be cumulative over a woman’s lifetime, as some studies suggest that
higher parity is associated with a higher BMI among women in their forties and fifties (38). Weight
gained during pregnancy that is not lost in the postpartum period may therefore contribute to a

woman’s lifelong risk of developing obesity.
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2.2.2.2 Other adverse consequences of postpartum weight retention.

Retaining weight following pregnancy not only puts women at risk of developing long-
term obesity, but it may also be associated with adverse pregnancy outcomes in future pregnancies
and impact the long-term health of the mother later in life (11, 39). These adverse outcomes include
pregnancy-related health issues (e.g., gestational diabetes mellitus, pregnancy-induced
hypertension, preeclampsia), obstetrical or neonatal complications, and type 2 diabetes,
cardiovascular diseases, depression, and certain types of cancer later in life (6, 11-13, 39-45). Thus,
as the Barker hypothesis suggests, PPWR may be an important factor in the intergenerational cycle

of obesity.

2.2.3 Determinants of postpartum weight retention.

A wide range of diverse and complex factors influence weight after pregnancy. The
multifactorial nature of PPWR may explain inter-individual variability in weight loss after
pregnancy (46, 47). A better understanding of individual differences in factors driving weight
change in the postpartum period is important for developing targeted weight management
strategies during this life stage. The following discussion reviews the key factors associated with

PPWR as relevant to this thesis.

2.2.3.1 Prepregnancy BMI.

As described above, prepregnancy weight status is associated with pregnancy outcomes (6,
11-13, 39-45), and impacts developmental programming (1, 2). According to the Society of
Obstetricians and Gynaecologists of Canada Clinical Practice Guidelines for Obesity in
Pregnancy (48), women should be encouraged to enter pregnancy with a BMI < 30 kg/m?, and
ideally < 25 kg/m?. The evidence is mixed with regard to the association between prepregnancy
weight status and PPWR, as several (9, 10, 46, 49-51) but not all (47, 52) studies have
demonstrated that having a higher prepregnacy BMI is associated with higher PPWR. A
longitudinal study of 774 healthy women in the UK (46) showed that having a prepregnancy
weight in the overweight BMI category was associated with a 3.2-fold higher risk of retaining 9.1
kg or more at one year postpartum, while those in the obese BMI category had a 3.8-fold increase
in the odds of PPWR, relative to those who had a normal prepregnancy BMI. A recent population-

based retrospective cohort study of over 49,000 American women (49) demonstrated that
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prepregnancy BMI in the overweight/obese categories was associated with a decreased likelihood
of returning to prepregnancy BMI in the postpartum period. In contrast, a meta-analysis of 10
studies that analyzed PPWR of 116,735 women at different prepregnancy BMI categories, from
one month to 15 years postpartum (52), demonstrated that women who had a prepregnancy BMI
in the overweight and obese categories retained 0.81 kg (95% CI —1.23, —0.39) and 2.34 kg (95%
CI —3.28, —1.40) less weight, respectively, compared to women who had a normal prepregnancy

BMI.

2.2.3.2 Gestational weight gain.

GWG is an important global indicator of a healthy pregnancy, which includes maternal
health as well as the healthy growth and development of the fetus. The increase in weight during
pregnancy consists of amniotic fluid, formation of the placenta, and the growth of the fetus as well
as the accretion of tissue in the uterus and breast, expansion of blood volume, and increase in
maternal adipose tissue (3). Despite the fact that there are GWG guidelines (3) that aim to optimize
outcomes for the woman and the infant, many studies report weight gain in excess of the guidelines
(20, 53-55). A prospective cohort study of more than 1,500 Canadian women (54), for example,
demonstrated that 49.4% of women exceeded the GWG guidelines.

GWG has been recognized as a major risk factor for PPWR, as several studies have
demonstrated a positive correlation between excessive GWG and PPWR (9, 46, 50-52, 56-59). A
recent meta-analysis of 11 observational studies that analyzed PPWR at different times with >
67,000 women (52) showed that women who exceeded GWG guidelines retained an additional
3.21 kg (95% CI 2.79, 3.62 kg) compared with women whose GWG was within the guidelines.
These authors stratified the postpartum period into 1 to 3 months, 3 to 6 months, 6 to 12 months,
12 to 36 months, and > 15 years, and the association between excessive GWG and PPWR exhibited
a U-shaped trend—that is, from 4.33 kg at 3 months to 2.11 kg at 1 year, and from 2.11 kg at 1
year to 4.65 kg at > 15 years (52).

2.2.3.3 Energy intake and physical activity.
Energy intake and physical activity are important regulators of body weight in the
nonpregnant state (60) and are presumed to impact body weight in pregnancy and postpartum.

Energy recommendations for lactating women suggest increased energy intake to satisfy the
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energetic demands required for breast milk synthesis and energy output (29). An additional 330
kilocalories per day (kcal/d; 500 [breast milk energy output] minus 170 [fat mobilization] kcal/d)
is recommended during the first six months postpartum and 400 kcal/day (breast milk energy
output) for the following months if women continue to breastfeed (29). For women who are not
breastfeeding, the recommended energy intake is the same as the estimated energy requirements
for adult nonpregnant nonlactating women (29).

Postpartum women are also encouraged to be physically active. In addition to having a
positive impact on cardiovascular health (61), lipid profile (62), insulin sensitivity (61), and
depression and anxiety symptoms (63), physical activity may help to facilitate weight loss after
pregnancy. Current Canadian Physical Activity Guidelines for Postpartum Women (64, 65)
recommend that “depending on the mode of delivery, most types of exercise can be continued or
resumed in the postpartum period.” The Canadian Physical Activity Guidelines for Adults (not
pregnant) (66) recommend at least 150 minutes of moderate to vigorous intensity physical activity
per week. Several prospective studies found increased energy intake (19, 50, 67), and lower
amounts of physical activity (22, 46, 50, 68, 69) to be associated with PPWR. As a result, diet and
physical activity are two common targets of interventions designed to reduce PPWR. A recent
meta-analysis of 27 randomized trials including 4,610 postpartum women (70) demonstrated that
combined dietary and physical activity interventions (ranging from 11 days to one year) resulted
in greater mean weight loss than observed in controls after completion of the interventions (-2.49
kg; 95% CI -3.34 to -1.63; 12 studies with 1,156 women). The greater weight loss was maintained
to one year postpartum in the intervention group compared to controls (-2.41 kg; 95% CI -3.89 to

-0.93; 4 studies with 405 women).

2.2.3.4 Energy expenditure.

The basic components of energy balance include energy intake, energy expenditure, and
energy storage (71). Therefore, body weight change is the result of an imbalance between dietary
intake and energy expenditure to maintain life and to perform physical activity. The energy balance
concept is complex in the postpartum period as women are expected to lose the weight they gained
during pregnancy while maintaining sufficient energy to support lactation. Several studies have
assessed energy expenditure in the postpartum period (72-81), mainly to determine the metabolic

adaptations related to the energy cost of lactation. However, the impact of energy expenditure on
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body weight regulation has not been well documented during this life stage, and it is still
controversial in the field of obesity (82). A cohort of more than 600 nonpregnant nonlactating
subjects (83) demonstrated that lower-than-expected values of 24-h energy expenditure were
predictive of both weight gain and fat mass (FM) increase. However, findings reported by different
cohort studies (84, 85) demonstrated no association between energy expenditure and changes in
body weight over time.

These conflicting findings about the relationship between energy expenditure and body
weight may be related to differences in body composition. The main determinant of resting energy
expenditure (REE) is fat-free mass (FFM), the most metabolically active compartment, which
explains between approximately 50% and 70% of the variability in REE (86-88). Overall, increases
in body weight occur alongside increases in both FM and FFM, wherein heavier individuals tend
to have higher amounts of both FM and FFM. Therefore, adjustment for body composition is
crucial in assessing differences in energy expenditure between individuals (82) (see 2.3.4
Adjustment for body composition and residual energy expenditure below for a detailed
description).

Another important aspect to consider in the relationship between energy expenditure and
body weight is the impact of lipid soluble persistent organic pollutants on adaptive thermogenesis.
Accumulation of these compounds in the body seems to be related to fat mass, with individuals
with obesity having a higher plasma organochlorine concentration than those without obesity.
Indeed, some of these compounds (e.g. organochlorines) may be associated with altered immune
and thyroid functions and with some types of cancer as well as with skeletal muscle oxidative
potential (89). Tremblay and colleagues (90) demonstrated that after weight loss, the increased
plasma organochlorine concentration was the factor explaining the greatest proportion of the
residual sleep energy expenditure (SleepEE). Therefore, persistent organic pollutants might be a
factor affecting the control of thermogenesis in some individuals experiencing body weight loss,
deserving further investigation in postpartum women.

As previously mentioned, most of the knowledge on energy expenditure in the postpartum
period is based on research focused on quantifying the metabolic adaptations to lactation.
Investigations that examine energy expenditure in the postpartum period and its relationship to

body weight regulation are needed.
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2.2.3.5 Cardiorespiratory fitness.

Another benefit of regular physical activity in the postpartum period is that it can improve
women’s cardiorespiratory fitness (CRF) (91, 92), which in turn may be associated with less
weight retention. CRF refers to the ability of the circulatory and respiratory systems to efficiently
supply oxygen to the skeletal muscles during sustained physical activity (93). CRF is an important
indicator of overall health status and is inversely associated with cardiovascular morbidity and
mortality (93-97). CRF is usually expressed as maximum oxygen consumption (VO max) and is
defined as the greatest rate at which a person is able to consume oxygen during sustained,
exhaustive exercise (98). VO2 max is typically measured by indirect calorimetry while a person
performs maximal, graded exercise tests on a treadmill, a cycle ergometer, or during a step test
(93, 99). If a maximal exercise test is not possible due to physical or physiological limitations of
the person being measured, a sub-maximal test such as the modified Bruce protocol is
recommended (100). In this case, VO, max is predicted rather than measured (i.e., pVO2 max).

A 20-year longitudinal study of 459 Canadian adults (236 women) (101) explored the
association between body weight regulation and CRF, and found that CRF was an important
predictor of weight gain, and low levels of CRF were associated with a higher future risk of obesity
(OR 0.87; 95% CI 0.76, 0.99). Women with a higher VO, max were less likely to experience a
weight gain of > 10kg over time (OR 0.82; 95% CI 0.72-0.93). Another study that assessed changes
in physical activity, CRF, and strength in postpartum women of varying BMI (102) found that
women at 27 weeks postpartum with a higher BMI had a lower VO, max compared to women with

a normal BMI.

2.2.3.6 Lactation.

Lactation has important health benefits both for the child and the mother (103). One
potential benefit of lactation is its impact on body weight regulation after pregnancy. During
pregnancy, physiological changes occur in the maternal metabolism to support the developing
fetus and allow accumulation of energy stores for lactation (104). The premise of the reset
hypothesis is that lactation plays an important role in mobilizing fat stores accumulated during
pregnancy and reversing metabolic changes that promote fat accumulation, which in turn facilitates
weight loss and reduces a woman’s metabolic disease risk in the long term (104). These metabolic

changes include, for example, re-establishing glucose homeostasis (75) and mobilizing lipids for
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milk synthesis (75, 104). Another potential explanation for the inverse association between
lactation and PPWR is the high energetic demand process of lactation, since 400 to 500 kcal/d is
expended for breast-milk-related energy output (29). Along with increased energetic demands of
lactation, pregnancy-related hormones may also explain the effect of lactation on PPWR. The
decreased levels of progesterone observed after childbirth and infant sucking stimulation can
promote the release of prolactin, which decreases the level of estrogen and enhances the
mobilization of adipose tissue stores (105).

A recent meta-analysis of 14 cohort studies (106) indicated that lactating women retained
0.38 kg (95% CI1 0.64, 0.11 kg) less postpartum weight compared with women who bottle-fed their
children. This meta-analysis also demonstrated that breastfeeding for 6 to 12 months is associated
with decreased PPWR, but that breastfeeding for less than 6 or beyond 12 months was not
associated with PPWR. Even though there are physiologic effects of lactation that may result in
weight loss and studies confirming this association (22, 46, 50, 107-110), other studies did not
report this effect (103, 111). These conflicting findings may be related to variations in study design,
samples, group comparison, and time frame in the postpartum period. Hence, the role of lactation

on postpartum weight change remains debatable.

2.2.3.7 Appetite.

Given that energy intake is one of the components of the energy balance equation,
suboptimal regulation of food intake may facilitate the development of obesity (71). Many factors
play a role in the regulation of food intake, including appetite control systems. In the most
simplistic terms, energy homeostasis is the mechanism by which an organism reduces or induces
energy intake when energy expenditure decreases or increases, respectively (112). For instance,
an increase in energy expenditure is predicted to be followed by appetite stimulation and
concomitant food intake initiation to maintain energy homeostasis (113-115). Appetite correlates
with BMI and body composition (116-119), and can predict weight change (116, 120, 121). Most
studies in obesity research suggest that appetite predicts subsequent energy intake, which further
impacts body weight (120-122). Drapeau and colleagues (120) reported that reduced appetite
sensations were associated with weight loss in 315 men and women (involved in six weight loss
intervention studies), in which fasting, desire to eat, hunger, and prospective food consumption

(PFC) were the best predictors of weight loss. The evidence linking appetite to body weight during
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the postpartum period is limited, and most research focuses on appetite-regulating or lactation-
related hormones to assess the role of appetite in weight loss. For example, Larson-Meyer and
colleagues (123) reported that circulating concentrations of appetite-regulating hormones were not
predictive of PPWR and that higher postprandial ghrelin levels were observed in women who
retained postpartum weight at the end of the first postpartum year. Since ghrelin is an orexigenic
hormone, it may prevent weight loss by promoting increased appetite and/or reduced fat oxidation.
Given the paucity of data that explores the association between maternal appetite control and body

weight, further research is warranted.

2.2.3.8 Other factors.

Maternal characteristics including age, ethnicity, parity, socioeconomic status, and
educational attainment have been found to be associated with PPWR (18, 22, 46, 50, 59, 124).
Other factors such as sleep patterns (125) and psychological factors (e.g., depression, anxiety, and
stress symptoms) (50, 126-128) have also been associated with PPWR. Some research suggests
that obesity increases in parallel with decreased sleep; thus, this relationship could be a relevant
component in postpartum weight regulation, given that sleep deprivation is a common
characteristic in the postpartum period (129). Along with sleep patterns, psychological factors are
also altered during the postpartum period. Phillips et al. (130) proposed a conceptual model of
psychological predictors of PPWR that asserts that psychological factors are implicated in
women’s ability to partake in healthful behaviours, which in turn impact PPWR. In conclusion,
these findings represent the complex array of factors that influence PPWR, and understanding

them may be helpful for targeting interventions.

2.3 Energy Metabolism of Postpartum Women

As previously discussed, energy intake and energy expenditure are the two main
components of the energy balance equation (131). Understanding energy expenditure is therefore
essential for accurate energy recommendations for weight management in the postpartum period.
Thus, this section reviews the basic principles of each component of energy expenditure and
measurement techniques used to assess them. The section then presents a detailed comparison of

total energy expenditure (TEE) and its components in lactating and nonlactating women.
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2.3.1 Methodological considerations for the assessment of energy expenditure.

TEE is comprised of three main components: resting (or basal) energy expenditure (REE
or BEE), thermic effect of food (TEF), and activity energy expenditure (AEE) (132). REE can be
further divided into energy expenditure during sleep (sleep energy expenditure; SleepEE) and
energy used to maintain wakefulness without physical activity (i.e., REE = SleepEE + cost of
arousal) (132). Figure 2.1 describes important methodological considerations and key

determinants of the three components of TEE.

2.3.1.1 Energy expenditure during resting conditions.

Basal metabolic rate (BMR) is the rate of energy expenditure of cellular and tissue
metabolism needed to sustain physiological activity at complete rest (133). It accounts for
approximately 50% to 75% of TEE and is usually expressed as kcal per minute (kcal/min) (134).
Resting metabolic rate (RMR) represents BMR plus small amounts of additional energy
expenditure, and it is usually 3% to 10% higher than BMR (134). Sleep metabolic rate (SMR) is
another measure of energy expenditure assessed under resting conditions. It represents the energy
expended during an overnight sleep, is 5% to 10% lower than BMR, and does not include the cost
of arousal (135). Once BMR, RMR, and SMR are extrapolated to 24 h, they are defined as BEE,
REE, and SleepEE, respectively, and expressed as kcal/d (29).

2.3.1.2 Thermic effect of food.

TEF refers to the increase in energy expenditure associated with the ingestion, digestion,
absorption, and storage of food, constituting approximately 10% of TEE when consuming a mixed-
nutrient diet (29, 134, 136). TEF is highly variable, with reported within-subject CV of greater
than 20% (137, 138). Given the limited consensus about how TEF is mathematically defined and
calculated, the long measurement durations that place a considerable burden on the participant, the
variability in measuring BEE/REE and postprandial energy expenditure, as well as day-to-day
biological variation in postprandial processing of nutrients, TEF is assumed to be 10% of TEE in

most research studies (132).
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2.3.1.3 Activity energy expenditure.

AEE accounts for energy expended in muscular work during spontaneous and voluntary
exercise (132), and it refers to all energy consumed beyond REE and TEF (i.e., AEE = TEE - REE
- TEF). AEE is the most variable component of energy expenditure, ranging from approximately
15% of TEE in very sedentary individuals to 50% or more in highly active people (139). It can be
further divided into structured exercise (planned, repetitive, and purposive activities, such as
sports, cycling, dancing) (140) and non-exercise activity thermogenesis (all occupation, leisure,
sitting, standing, and ambulation activities) (139).

Two additional terminologies related to AEE are physical activity level (PAL) and physical
activity coefficient (PA). PAL is the ratio of TEE to REE (i.e., PAL = TEE/REE), and it is the most
common way to describe AEE (29). It is categorized into sedentary (PAL > 1.0 < 1.4), low active
(PAL>1.4<1.6), active (PAL > 1.6 < 1.9), and very active (PAL > 1.9 <2.5) (29). PA is used in
the estimated energy requirement equations and is based on the PAL categories (29), as follows:
PA =1.00 if PAL is estimated to be > 1.0 < 1.4 (sedentary); PA = 1.12 if PAL is estimated to be
> 1.4 < 1.6 (low active); PA = 1.27 if PAL is estimated to be > 1.6 < 1.9 (active); PA = 1.45 if
PAL is estimated to be > 1.9 <2.5 (very active) (29).

2.3.1.4 Respiratory quotient and macronutrient oxidation.

The chemical composition of fats, carbohydrates, and proteins differ, and the amount of
VO, and VCO» during the oxidation of these macronutrients vary. The ratio of VCO2 to VO, can
be used to provide a ratio of the fuel mixture being oxidized under different conditions (141).
Carbohydrates are oxidized through aerobic respiration, resulting in an equal ratio of carbon
dioxide release and oxygen consumption; therefore, a RQ of 1.0 reflects the exclusive oxidation
of carbohydrates. It is generally accepted that a value of 0.7 indicates the exclusive metabolism of
fat, and anywhere within this range indicates that a mixture of substrates is oxidized
simultaneously (142). Thus, RQ indicates nutrient utilization such that a higher RQ corresponds
to greater reliance on carbohydrates as the primary energy source, whereas a lower RQ indicates
greater fat oxidation (143).

Protein is broken down into amino acids and deaminated before it can be oxidized. The
amount of protein oxidized may be estimated from the amount of nitrogen excreted in a 24-h

pooled urine sample. The classical value that has been used in the literature is 6.25 g of protein per
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gram of nitrogen; as such, the excretion of 1 g of nitrogen equates to the oxidation of approximately
6.25 g of protein (144, 145). Thus, when coupled with measures of 24-h urinary nitrogen
excretion, indirect calorimetry derives protein oxidation data and informs on macronutrient
utilization (132, 142). The measures of macronutrient oxidation have traditionally been
calculated using stoichiometric equations (141). In this thesis, the equation by Brouwer (146) was

used to calculated daily carbohydrate and fat oxidation (Equations 1 and 2).

Carbohydrate oxidation (g/d) = (4.170 x VCO3) - (2.965 x VO) - (0.390 x P)

Equation 1. Daily carbohydrate oxidation rates calculated according to Brouwer's
equation (146). Where VO, and VCO; are in litres per day, and P is in grams per day.
VO,: Volume of oxygen consumption; VCO>: Volume of carbon dioxide production; P:

protein oxidation.

Fat oxidation (g/d) = (1.718 x VO3) - (1.718 x VCO,) - (0.315 x P)

Equation 2. Daily fat oxidation rates calculated according to Brouwer's equation
(146). Where, VO2 and VCO:; are in litres per day, and P is in grams per day. VO»: Volume
of oxygen consumption; VCO,: Volume of carbon dioxide production; P: protein

oxidation.

2.3.1.5 Special considerations during lactation.

The energy cost of milk production is composed of the energy required for its synthesis
and secretion and the energy content of milk (i.e., breast milk energy output) (80). TEE
encompasses the synthetic cost of milk production; however, the actual energy content of the breast
milk is not a component of TEE (76). In fact, in most research studies, breast milk energy output
is estimated by the amount of milk that is produced and secreted, its energy content, and the
efficiency with which dietary energy is converted to milk energy (72, 76, 80). The most widely
accepted method for measuring the amount of milk that is produced and secreted is the infant test
weighing, a procedure in which the infant is weighed before and after each breastfeeding episode,
using a balance scale accurate to +1 g (147). According to the Food and Agriculture Organization,
World Health Organization, and United Nations University’s (FAO/WHO/UNU) Human Energy

Requirements report (136), to estimate breast milk energy output, breast milk volume should be
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corrected for insensible water losses (5%), assuming 1 g/mL breast milk, 0.67 kcal/g for energy
content of breast milk, and an efficiency factor of 80%.

The current energy recommendation (29) states that breast milk energy output is estimated
to be ~500 kcal/d for the first six months of lactation and ~400 kcal/d after this period. This energy
output was estimated from the average milk production rates of 0.78 L/d from birth through 6
months of age (148, 149), and 0.6 L/d from 7 through 12 months of age (150). The energy density
of human milk has been measured by bomb calorimetry or proximate macronutrient analysis of
representative 24-h pooled milk samples (151-153), and the value of 0.67 kcal/g is used in the
Institute of Medicine (29) and FAO/WHO/UNU Human Energy Requirements report (136).

2.3.1.6 Measuring total energy expenditure.

TEE can be measured using techniques that fall into three main categories: 1) direct
calorimetry, which directly measures the rate of bodily heat production; 2) indirect calorimetry,
which measures oxygen consumption and carbon dioxide production, which, in turn, are converted
to energy expenditure using a formula; or 3) non-calorimetric techniques, which estimate energy
expenditure by extrapolation from physiological measurements and observations (132, 154). Only
the technique relevant to this thesis, indirect calorimetry by whole body calorimetry (WBC), is

hereby discussed.

Whole body calorimetry

The indirect calorimetry method assesses energy expenditure by simultaneously measuring
volume of oxygen consumption (VO), and volume of COx production (VCO>) (155), and it can
be conducted for several days (156). Although there are different types of indirect calorimetry
instruments, such as metabolic carts, portable indirect calorimeters, and live-in whole body
calorimetry units (WBCU), only the WBC technique feasibly measures TEE. The use of this
technique to measure TEE was pioneered in the late 1970s by Jéquier’s laboratory in Lausanne
(157), and in the Dunn Clinical Nutrition Centre in Cambridge (158). In the late 1980s, Ravussin
and colleagues (159) described a modified design of the WBCU, which has since been widely
adopted in clinical research facilities. The TEE is calculated most often using Weir's equation

(160), based on the measurements of VO,, VCO,, and urinary nitrogen excretion (Equation 3).
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TEE (kcal/d) = (3.941 x VO2) + (1.106 x VCO,) - (N x 2.17)

Equation 3. Total energy expenditure calculated according to Weir's equation (160).
Where, VO; is the volume of oxygen consumption in litres/day; VCO> is the volume of
carbon dioxide production in litres/day; and N is the urinary nitrogen excretion in

grams/day.

According to Dulloo and colleagues (161), the 24-h TEE measurements performed in a
WBCU can reach a high-level accuracy (2—3%) and precision (1-2%). The within-subject CV for
a WBCU assessing TEE is 2% to 3% (159, 161); the WBCU used in this thesis resulted in a within-
subject CV of 2.2% for TEE (unpublished data). A unique feature of the WBCU is to provide real-
time energy expenditure data that makes it ideal to distinguish and investigate TEE and its
components integrated over 24 h while maintaining strict experimental protocol conditions (145,
161). It also measures RQ and macronutrient oxidation rates (133, 145) (see 2.3.1.4 Respiratory
quotient and macronutrient oxidation above for a detailed description). Limitations of the WBCU
method include the high cost and the need for highly qualified personnel (133). Since the
participant must be confined to a live-in unit, the method may underestimate AEE compared to
free-living conditions (161). Another disadvantage of the confinement method relevant for
postpartum women is the separation of the lactating mother from her infant for a prolonged period

of time.

2.3.2 Energy expenditure in the postpartum period.

This section of the literature review discusses energy metabolism in the postpartum period,
and comprises studies that measured TEE using either doubly labeled water (DLW) (for details of
methodological aspects refer to a recent review by Westerterp (162)) or WBC. These state-of-the-
art tools were used to measure TEE, and compare lactating and nonlactating women. Given that
studies measuring TEE usually do not measure TEF, studies comparing measurements of TEF
between lactating and nonlactating women are also included here. Thus, this section summarizes
findings about TEE and its components (BEE/REE and SleepEE, TEF, and AEE/PAL) among
lactating and nonlactating women. Intervention studies (diet and/or exercise) are beyond the scope

of this review.
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A total of 10 studies were considered (72-81). Of the six studies that assessed TEE, four
utilized DLW (72-74, 76) and two used WBC (75, 77). Five studies assessed TEF (74, 78-81), and
one study assessed both TEE and TEF (74). Four studies were conducted in the United States (74-
76, 80); two studies were conducted in the United Kingdom (72, 79), two in the Gambia (77, 78),
one in Sweden (73), and one in the Netherlands (81). Studies were conducted between 1986 and
2001. Six (72-76, 81) were of longitudinal design, and four (77-80) were of cross-sectional design.
The Gambian women did not present any clinical signs of malnutrition, and all other studies
reported being conducted in well-nourished women. Lactating women were studied at various
points during the postpartum period, ranging from four weeks to six months postpartum. The
comparison groups of nonlactating women were defined differently among the studies, and
included women either in the prepregnancy state (73, 74, 81), post-weaning state (72, 76, 79),
formula-feeding women (75, 79, 80), or a control group of women who were not recently pregnant

(77-80).

2.3.2.1 Energy expenditure during resting conditions.

Most studies (n= 9) (72-80) reported that the BMR/RMR values were not affected by
lactation, as values were similar between lactating and nonlactating women. Only one study (81)
reported a higher RMR value during lactation than during the nonlactating state. It is reasonable
to assume that human milk synthesis is a continuous process that elevates BMR/RMR in lactating
women due to the energy cost of milk synthesis (76). The fact that in most of the studies
BMR/RMR was not higher during lactation, compared to women in other phases of life, may
indicate that one or more components of metabolism were suppressed during this period; a finding
that provides some evidence for energy-sparing adaptations to lactation (72). In summary, the
majority of studies suggest no differences in energy expenditure at rest during lactation, which
contradicts the belief that elevated BMR/RMR contributes to increased energy needs (80).
Currently, there is little evidence of energy conservation, and it appears that BMR/RMR is constant
or slightly elevated during lactation (76).

Only one (75) of the ten studies assessed the difference in SleepEE between lactating and
nonlactating women. This was a longitudinal study investigating the energy expenditure and
substrate utilization during late pregnancy (37 weeks gestation) and lactation (12 and 24 weeks

postpartum) in North American women. SleepEE was assessed by indirect calorimetry using the
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WBC method, and it was affected by the lactation process; higher values were observed in the
lactating group versus the nonlactating group. This area is, therefore, important for future research
as changes in sleep patterns are common in the postpartum period and the effect of lactation on

SleepEE has not been adequately studied in postpartum women.

2.3.2.2 Thermic effect of food.

Five studies (74, 78-81) measured the difference in TEF responses during lactation and the
nonlactation state. Of the five, three studies (74, 78, 81) reported no difference between groups;
one study (79) reported lower TEF values in lactating women; and another (80) showed that TEF
was higher over the course of lactation compared to a nonlactation state. Illingworth et al. (79)
found that the response to a meal was lower in lactating women compared to the control group
who had not been pregnant recently. When measurements were repeated post-weaning, TEF
increased; it was higher than when these women were lactating and similar to that of the control
group. In addition, TEF was similar among lactating women and women who bottle-fed their
babies, which implies a reduced metabolic response to a meal in the postpartum state regardless of
infant feeding type.

Conlflicting findings between studies may be explained by differences in protocols, such as
baseline measurement, duration of the post-meal measurement period, the timing of measurements
(intermittent versus continuous), as well as the methods used to calculate TEF (163, 164). For
example, the post-meal measurement period for the studies included in this review ranged from
120 minutes (80) to up to 240 minutes (74). Previous studies reported that TEF response may take
as long as 8 to 10 h after consumption of large meals (i.e., 1,000 kcal), and longer than 3 to 6 h for
smaller meals (i.e., between 400 and 1,000 kcal) (164). Therefore, it is likely that these studies
have not assessed the full TEF response.

In summary, current evidence about the changes in TEF during lactation is inconclusive.
However, when expressed over 24 h, the increases and/or decreases have a negligible effect on
TEE. Therefore, available evidence does not support significant changes in TEF during lactation,

and the assumption that TEF remains unchanged during lactation appears to be reasonable.

2.3.2.3 Activity energy expenditure and physical activity level.

Of the 10 studies, seven compared physical activity between lactating and nonlactating
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women (72-77, 81) using different approaches. Three studies (72-74) calculated AEE according
to the equation (AEE = TEE - BMR). One study (76) used the equation [AEE = TEE - (BMR + 0.1
x TEE)] and the seven-day recall method of physical activity, while one study (81) used indirect
calorimetry. The remaining two studies (75, 77) used indirect calorimetry and the radar Doppler
principle. When comparing AEE values between lactating and nonlactating women, one study (72)
found the AEE value to be significantly lower in the lactating women, two studies (75, 77) reported
higher AEE in lactating women, and four (73, 74, 76, 81) found similar results between the groups.

Of the seven studies (72-77, 81) that assessed physical activity, six (72-77) reported PAL
values, four (72-74, 76) used DLW, and two (75, 77) used WBC methodologies. All four DLW
studies (72-74, 76) reported PAL values that were consistently lower among lactating women than
nonlactating women. Decreases in AEE and PAL values during lactation may be due to differences
in activity patterns, as lactating women are more likely to spend more time doing sedentary and
light activities due to required periods of rest associated with breastfeeding. In both WBC studies
(75, 77), the PAL values were higher in lactating women than in nonlactating ones. It is important
to emphasize that physical activity undertaken in a WBCU is not representative of activities
encountered under free-living conditions. Overall, most research (5/7) found that the lactation
process either did not alter AEE or tended to decrease energy expenditure associated with physical

activity, especially in a free-living context.

2.3.2.4 Total energy expenditure.

Four studies (72-74, 76) used DLW to assess differences in TEE between lactating and
nonlactating women. All four studies were conducted in healthy, well-nourished women aged 28
to 31.7 years. Comparing TEE values between lactating and nonlactating women, one study (72)
found a difference between these two groups. In this study at 4, 8, and 12 weeks lactation, average
TEE was lower than in nonlactating women, with the differences in TEE being 225, 164, and 197
kcal/d, respectively, (P <0.01) (72). The other three studies (73, 74, 76) found similar TEE values
between lactating and nonlactating states.

To date, only two studies (75, 77) have assessed the difference in TEE between lactating
and nonlactating women using WBC. One study (75) was conducted longitudinally in the United
States with 76 healthy women, including 40 lactating women and 36 nonlactating women

(exclusively formula-feeding) at 12 and 24 weeks postpartum. The other was a cross-sectional
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study (77) carried out with 32 healthy Gambian women where 16 lactating women at 8 weeks
postpartum were compared to 16 nonlactating women. The study in the Gambia (77) measured the
combined energy expenditure of the mother and infant over 24 h in a WBCU and subtracted the
infant’s energy expenditure from the combined energy expenditure values to estimate the lactating
mother’s TEE. According to the authors (77), this approach allowed the calculation of the extra
energy requirements for lactation using the energy retained by the infant for growth in conjunction
with calorimetric measurements of the combined energy expenditure of mother and infant.
However, the lactating mother’s TEE was estimated—not necessarily measured—which may
impact the accuracy of the value. Comparing the TEE of lactating versus nonlactating women,
both studies (75, 77) found higher TEE in the lactating state. In the North American women, the
TEE postpartum values were 4% to 5% higher in the lactating than in the nonlactating group (75).
The TEE values of the Gambian lactating women (subtracting the infant’s energy expenditure)
were approximately 13% higher than in the nonlactating group (77).

In summary, findings related to the impact of lactation on TEE are conflicting. Most studies
(73, 74, 76) did not find a difference in TEE values between lactating and nonlactating women.
However, one study (72) reported lower TEE values, and two studies (75, 77) reported higher TEE
values in the lactating state than in the nonlactating state. These conflicting findings may be driven

by the variability in physical activity described in the previous section.

2.3.2.5 Respiratory quotient and macronutrient oxidation.

Four (75, 77, 78, 81) studies measured RQ values at different times of the day and
compared RQ in lactating and nonlactating women. Only one study (81) assessed RQ in the same
women before pregnancy and during lactation; other studies (75, 77, 78) assessed it in different
women who were lactating and nonlactating. Two studies (75, 77) assessed RQ using WBC, and
two (78, 81) using a metabolic cart. Fasting RQ did not differ between lactating and nonlactating
women in three studies (75, 77, 78), and was lower during lactation (0.82 + 0.03) compared to
before pregnancy (0.85 + 0.03; P <0.001) in one study (81).

Postprandial RQ was compared between lactating and nonlactating women in two studies;
Frigerio et al. (78) found similar values between groups, while Spaaij and colleagues (81) reported
that postprandial RQ was lower during lactation (0.86 £ 0.02) than in the nonlactating state (0.89
+ 0.02; P <0.001). Two other studies (75, 77) measured the 24-h RQ, and found that lactating
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women had a similar RQ (0.89 + 0.01) compared to nonlactating women (0.88 = 0.01, P > 0.05)
(77), but a significantly higher RQ was observed in lactating (0.88 £ 0.02) compared to
nonlactating women (0.86 + 0.02, P < 0.05) in another study (75). Some authors have suggested
that a higher RQ in lactation is the result of preferential use of glucose by the mammary gland
(75), stimulating the lipogenic pathway, which would lead to an RQ > 1.0 (77), and could
potentially explain the elevated 24-h RQ and carbohydrate utilization in lactating women (75).

2.3.2.6 Summary.

Overall, the available evidence suggests there is no difference in energy expenditure during
the lactation process at rest and in the postprandial state. There were conflicting results on whether
RQ values are affected by the lactation process, and no conclusions can be drawn about SleepEE,
as only one study assessed this component and reported that lactation increased SleepEE. On the
basis of the studies reviewed here, it is reasonable to conclude that differences in TEE are mostly
explained by the variability in physical activity. However, most of our knowledge about TEE in
the postpartum period using DLW and WBC methodologies dates back to research done at least
15 years ago. Thus, further research using controlled protocols to assess TEE in contemporary

postpartum women is needed.

2.3.3 Predicting energy expenditure in postpartum women.

Predictive equations are useful for estimating energy expenditure in clinical practice and
in research studies when it cannot be measured. A recent study (165) assessed the accuracy of 28
predictive equations in 1,726 outpatients with malnutrition, eating disorders, or obesity, and noted
that the predicted energy expenditure using the Harris-Benedict equation was within 10% of
measured energy expenditure in 72.9% of patients. To my knowledge, no study has assessed the
accuracy of TEE estimations, and only one study (166) has examined the accuracy of REE
prediction in postpartum women. De Sousa et al.’s (166) cross-sectional study measured REE in
the immediate postpartum period and reported that, in most cases, predictive equations
overestimated measured REE; all equations showed low agreement and accuracy compared to
measured REE. It is important to investigate the accuracy of predictive equations to estimate REE
and the current DRI recommendation for energy at different times in the postpartum period to

identify the most suitable equation for this population.
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2.3.4 Adjustment for body composition and residual energy expenditure.

Another relevant methodological consideration is the importance of adjustments for body
composition when comparing energy expenditure longitudinally or between groups of individuals
(167). There have been various approaches to mathematically adjusting for these changes in the
ratio between REE and body composition, including log-log regression (168), generalized linear
modeling, analysis of covariance (169), or residual energy expenditure from multiple linear
regression (170). The use of the residual energy expenditure method (e.g., residual REE or residual
SleepEE) for describing energy metabolism deviations is used increasingly (90, 171-178), and it
is defined as the difference between measured and predicted energy expenditure. Leibel and
colleagues (177) were pioneers in the use of this methodological approach; they demonstrated that
measured energy expenditure after weight loss was lower than predicted by changes in body
composition. This approach is calculated by applying a multiple linear regression model, with
measured REE/SleepEE as the dependent variable, and FFM, FM, and other variables such as age
and sex as independent variables.

In longitudinal studies, multiple linear regression analysis is used to generate an equation
for REE/SleepEE for the entire cohort at baseline, and then this equation is used to predict
REE/SleepEE values at follow-up points (90, 172, 174, 175, 177, 178). If changes in energy
expenditure are proportional to changes in body composition, the predicted REE/SleepEE will be
equal to the measured value. Significant differences in residual REE/SleepEE indicate that changes
in energy expenditure are not explained by individual changes in FFM and FM.

Residual REE/SleepEE is also used in cross-sectional studies to evaluate abnormal
metabolism (i.e., low or high metabolism) for a given individual relative to the whole cohort (171,
173, 176). Abnormal metabolism can be defined according to tertiles or by using a set distance
from the regression line (e.g., 100 kcal) (171). When energy expenditure is proportional to body
composition, predicted REE/SleepEE equals measured REE/SleepEE, and therefore, the higher
the residual REE/SleepEE the higher the metabolism (high metabolism) relative to the entire
cohort (171).

2.4 Appetite
Another crucial aspect of the study of energy balance is the role of food intake and other

behavioural and metabolic influences on appetite (179). The physiology of appetite regulation
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comprises three main components: 1) a tonic drive for food arising from the physiological demand
for energy (i.e., excitatory feature of appetite); 2) a tonic inhibition for food arising from signals
of energy storage (i.e., inhibitory feature of appetite); and 3) episodic signals arising from the
mouth and gastrointestinal tract in response to the periodic consumption of food (i.e., mainly

inhibitory from satiety signals but also excitatory from food palatability signals) (180).

2.4.1 Determinants of appetite.

The control of appetite is complex and involves the coordination of inputs from
physiological and behavioural determinants. Thus, different factors predict appetite. Classically,
these factors were based on theoretical approaches that considered signals from glucose
(glucostatic hypothesis (113)) and protein (aminostatic hypothesis (181)) metabolism, as well as
adipose tissue (lipostatic hypothesis (182)). In the 1990s, there was an increased interest in the role
of fuel utilization in the control of energy intake (183). Next, the focus was on pre-absorptive
hormonal control of appetite, and on central nervous system models emphasizing other inputs from
adipose tissue (i.e., leptin) and the gastrointestinal tract or associated organs (i.e., ghrelin, peptide
YY, glucagon-like peptide 1, cholecystokinin, amylin and insulin) (112, 184). Along with all these
factors, more recent studies have focused on body composition and energy expenditure and their
contribution to regulating appetite (180, 185, 186). Thus, all of these factors might contribute to
understanding the relative impact of biological and behavioural cues of appetite on body weight
regulation (180). The following section focuses on factors that are relevant to this thesis—
specifically body composition, energy expenditure, macronutrient oxidation, and lactation. Most
current studies that assess the determinants of appetite do not involve postpartum women, and due
to this paucity of data, studies conducted in other populations are reviewed in the following
discussion. This gap in the research highlights the importance of the examination of these

relationships in the postpartum period; a state of metabolic transition.

2.4.1.1 Body composition.

Since the discovery of leptin, the literature has focused on adipose tissue (or FM) as an
important determinant of appetite. Several studies have demonstrated that the hypothalamic
neuropeptide pathways regulating the stimulation and inhibition of food intake are influenced by

leptin (184, 187-190). Although there is extensive literature on adipose tissue and leptin, a limited
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number of human studies have explored the effects that changes in adipose tissue exerts as a
negative feedback signal on energy intake. More recent integrative models of energy balance
regulation have used multiple regression models or mediation models with a path analysis
approach to explore the relationships of FM, FFM, appetite, energy expenditure, and body weight
(186, 191-193). These models have demonstrated that FFM is a strong predictor of energy intake.
For example, Blundell et al. (191) investigated the relationship between body weight and
composition with meal size and energy intake over a 12-week intervention period in 92 obese
adults (BMI 31.6 + 4.3 kg/m?), and found that FFM, but not FM or BMI, was associated with meal
size and daily energy intake. In a study that investigated the relationship of body composition
with ad libitum food intake among 184 individuals with a wide range of adiposity (192), the
researchers demonstrated that FFM index (i.e., FFM adjusted for height in meters squared;
kg/m?) was positively associated with mean daily energy intake, and mean daily intake of
protein, carbohydrates, and fat. A recent study (185) found that FFM was a strong determinant of
energy intake, but this effect was mediated by RMR, and FM was associated with energy intake
via two opposing pathways: 1) a weak indirect positive association (mediated via RMR), and 2) a
stronger direct negative association. The implication of this relationship is that the energy required
to maintain the metabolically active tissue of the body (i.e., FFM) creates a physiological demand

that acts as a signal to drive food intake (185).

2.4.1.2 Energy expenditure.

Energy expenditure may generate a tonic signal of energy demand that could act as a drive
for food, with appetite control being a function of energy balance (180). This relationship is in
accordance with the hypothesis proposed by Mayer (114, 115), which states that any increase in
energy expenditure will be met with an equivalent increase in energy intake to maintain energy
homeostasis. The relationships between body composition, energy intake, and expenditure were
explored under controlled laboratory conditions in a study (186) with 59 subjects (BMI 26.1 + 3.8;
range 17.9-35.9 kg/m?; 29 women) during a 14-day residential stay. The researchers found that
RMR was a strong independent predictor of ad libitum energy intake (186). Similarly, Caudwell
et al. (194) conducted a 12-week intervention with 41 adults with overweight and obesity (BMI
30.7 £ 3.9; 27 women) who were tested under conditions of varying physical activity (sedentary

or active) and dietary energy density (17 or 10 kJ/g), and they confirmed that RMR was correlated
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with meal size, energy intake, and hunger ratings assessed by visual analogue scales (VAS). As
discussed previously, it is plausible that energy expenditure mediates the impact of FFM on
appetite control. This hypothesis was recently tested by Hopkins and colleagues (185), who
confirmed that, although FFM was a strong determinant of energy intake, this effect was mediated
by RMR, such that FFM did not statistically influence energy intake independent of its effect on
RMR. These findings indicate that the energy needs of the body may play an important role in
day-to-day energy intake.

2.4.1.3 Exercise.

Exercise acts as a stimulus that challenges energy balance, and it is expected that a
compensatory response in energy intake follows an increase in energy expenditure. This
assumption is based on the premise that reduction of energy availability is met with compensatory
responses in energy intake to maintain homeostasis (114, 115). Edholm and colleagues (195) also
proposed that differences between food intake among individuals originate from differences in
energy expenditure. Additionally, the glycogenostatic theory proposed by Flatt (196, 197) suggests
that the depletion of glycogen stores may act as a biological stimulus for energy intake in an
attempt to restore glycogen levels to a predetermined set point (196, 197). Thus, given that exercise
increases energy expenditure and alters substrate availability, compensatory eating may be induced
to maintain energy and substrate balance. Exercise has other physiological effects that may
influence appetite, including an overall increase in heart rate, changes in the distribution of blood
flow, sympathetic nervous system, and gut hormone activities (198). Thus, exercise interacts with
other biological and behavioural responses meaning that compensatory responses are highly

variable (199, 200).

2.4.1.4 Macronutrient oxidation.

Metabolic fuel utilization confers properties on behaviour in the regulation of energy
balance, in which physiological mediators act as drivers of behaviour. For example, metabolic
disturbances that impair fat oxidation are commonly cited as causal factors in the susceptibility to
weight gain. The glycogenostatic theory (196, 197) suggests that feeding is designed to maintain
glycogen stores at a specific set point, and any disturbance to availability is strongly defended.

Thus, as carbohydrate availability is tightly regulated and there is limited storage capacity (~400—
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800g), carbohydrate restoration is a metabolic priority after depletion (201). Evidence suggests
that carbohydrate balance is associated with energy intake and body weight regulation (202-204),
in which a negative carbohydrate balance has been shown to predict greater ad /ibitum intake (203,

204) and weight gain (202).

2.4.1.5 Lactation as a special consideration for postpartum women.

Lactation is another important factor that leads to unique physiological changes that may
impact appetite control by increasing energy expenditure resulting from breast milk synthesis and
its energy output (29). Since glucose is the preferential source of energy used by the mammary
gland, carbohydrate oxidation and possible glycogen depletion (75) may influence appetite (196,
197). Along with the increased energetic demands of lactation and the preferential source of
glucose by the mammary gland, daily duration of lactation may also influence appetite. Physical
suckling stimulates prolactin, and animal studies suggest that an increase in energy intake observed
in lactating rats may reflect signals that are dependent on the physical stimulation of suckling.
These signals involve prolactin secretion and are independent of milk delivery per se (205-207).
The daily duration of lactation episodes may impact appetite independently of breast milk energy

output through prolactin-mediated effects.

2.4.2 Methodological considerations for the assessment of appetite sensations.

2.4.2.1 Visual analogue scales.

Visual analogue scales (VAS) are commonly used by psychologists and clinicians to assess
subjective feelings of bodily sensations such as pain (208, 209). VAS are also one of the most
common tools used to ask participants structured questions relating to aspects of their appetite
(179). In appetite-related research, VAS usually consist of a 100 mm straight and unmarked line
anchored at each end by opposite descriptors of different appetite dimensions (e.g., for the
sensation of hunger, the anchor statement on the left end is “not at all hungry,” and on the right
end is “extremely hungry”). Subjects place a mark on the line corresponding to their appetite
rating. The distance from the left end of the line to the mark is measured and recorded (179, 210).

The validity and reproducibility of VAS for the assessment of appetite sensations have

been reported by Flint et al. (211). The questionnaire described by Flint and colleagues (211) asks
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four questions related to appetite sensations: “How hungry do you feel?” (I am not hungry at all/I
have never been more hungry); “How satisfied do you feel?”” (I am completely empty/I cannot eat
another bite); “How full do you feel?”” (Not at all full/Totally full); and “How much do you think
you could eat now?” (Nothing at all/A lot). VAS are an easy and efficient tool to administer, and
they are simple to interpret because the standardized format allows for results to be compared
across different studies (179). Tracking changes in subjective appetite sensations over time

provides important information about how appetite fluctuates throughout the day (179).

2.4.2.2 Composite appetite score.

The four dimensions of appetite (hunger, PFC, fullness, and satiety) may be combined to
calculate a single composite appetite score (CAS) (212). This combined score is used as a general
measure of appetite, which is a score that reflects an overall “motivation to eat” phenomenon. CAS
has been used in the literature as it integrates appetite sensation ratings into one index (213-215).
Given that appetite sensation ratings are strongly related to each other, Reid et al. (216) applied
principal components analysis to identify distinct dimensions in the responses to the appetite
questions described above. The first principal component explained at least 85% of the variation,
whereas participants usually rated fullness and satiety as the opposite of hunger and PFC questions.
Thus, to reflect a single score that represents an overall “motivation to eat” phenomenon, fullness
and satiety were reverse scored (i.e., unfullness and lack of satiety, respectively): the maximum
measurable value of the scale (i.e., 100) minus the recorded value for fullness (unfullness = 100 -
fullness), and satiety (lack of satiety = 100 - satiety). Therefore, CAS may be calculated as the
mean of hunger, PFC, and the inverse of fullness (i.e., 100 - fullness), and satiety (i.e., 100 - satiety)
Equation 4. A higher CAS value is associated with a greater appetite sensations and a stronger

motivation to eat.
CAS (mm) = [hunger + prospective food consumption + unfullness (100 - fullness) + lack

of satiety (100 - satiety)] /4.
Equation 4. Composite appetite score (CAS) (213-215).
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2.5 Summary

The postpartum period includes several physiological changes, including changes in body
weight. This period of transition is essential to reset women’s physiology and metabolism.
Although it is expected that, following childbirth, women will lose the weight gained during
pregnancy, postpartum weight loss is highly variable. This high variability of PPWR may be
explained by a multitude of factors that influence women’s weight regulation during the
postpartum period. This literature review has identified gaps in research about factors that may
influence PPWR, such as energy expenditure, cardiorespiratory fitness, and appetite sensations,
few of which have been well documented during this life stage. In addition, the potential impact
of body composition, energy expenditure, macronutrient oxidation, and lactation on appetite
sensations have also not been characterized in postpartum women. Understanding all these factors
might be helpful for future targeted interventions and appropriate weight management strategies.
More personalized and accurate energy recommendations are also essential for future strategies to
promote appropriate postpartum weight management. This review demonstrates that there is
minimal published information describing the accuracy of TEE and REE calculations. Overall,
these oversights represent significant knowledge gaps in understanding energy expenditure in the
postpartum period, and they need to be explored.

Thus, the research described in Chapters 3, 4, and 5 aims to investigate the energy
metabolism profile of postpartum women, and to explore key metabolic variables associated with
weight retention during this life stage. Additionally, the research examines the validity of
predictive equations in the assessment of REE, and aims to assess the accuracy of current energy

recommendations in predicting TEE in postpartum women.
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Methodological considerations

Key determinants

Methods to quantify AEE include: * I"I;Xpe, time, intensity and frequency of
e Direct calorimetry . Ace
e Indirect calorimetry (i.e., WBCU) — ABE — . g egx
e Non-calorimetric: direct observation, PA logs, e Presence of obesity
questionnaires, kinematic measurements, heart e CRF
rate monitoring e THealth status
TEF
(]:"a}llri: glelfgzzzrslszdn];ﬁE between fed and fasting states Arousal e Diet composition
e Measuring BEE/REE, providing a meal to ° Age
subjects, and measuring TEF at rest for > 6h or ° PA, (.:RF
e Using a separate fasting trial, with the same * Obesity
duration and protocol conditions as the * Glucgse to.l crance
experimental fed trial e Insulin resistance
. . e SleepEE REE
e BEE: resting in a supine position; awake but o . o
motionless; fasting > 12h; no PA > 12h; no : IEE/IM (50-70% of its variability)
substantial movement following awakening
REE: fasting > 8h; minimal PA > 12h / \: ie);
SleepEE: mean EE between 0200 and 0500am . ngetic frctors
or the lowest mean EE during 3 consecutive e Persistent organic pollutants
hours

Figure 2.1 Methodological considerations and key determinants of the three main components of total energy expenditure (TEE).
TEE is comprised of resting (or basal) energy expenditure (REE or BEE), the thermic effect of food (TEF), and the activity energy
expenditure (AEE). REE can be further divided into sleep energy expenditure (SleepEE) and the energy cost of arousal. Abbreviations:
CREF, cardiorespiratory fitness; EE, energy expenditure; FFM, fat-free mass; FM, fat mass; PA, physical activity; WBCU, whole body
calorimetry unit. Adapted from Lam and Ravussin (132).
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Chapter 3: The Influence of Energy Metabolism on Postpartum Weight Retention

3.1 Preface

The following chapter is based on data from the Postpartum Calorimetry Study of women
at three (n = 53) and nine months postpartum (n = 49). This longitudinal study is the first to provide
an in-depth profile of key components of energy metabolism (e.g. resting energy expenditure
[REE], sleep energy expenditure [sleepEE], exercise energy expenditure [EEE], respiratory
quotient [RQ], and 24-hour energy expenditure [TEE]) of contemporary women, comparing high
vs. low weight retainers, using a state-of-the-art technique, the whole body calorimetry. Using
different sophisticated statistical approaches, this study also explored associations between
postpartum weight retention and energy metabolism.

These analyses built on our Case Report of a primigravid woman whose energy metabolism
and body weight were assessed prepregnancy, during pregnancy, and at three and nine months
postpartum (Appendix 1: Pereira LCR, Elliott SA, McCargar LJ, Bell RC, Prado CM. Changes
in energy metabolism from prepregnancy to postpartum: A case report. Can J Diet Pract Res.
2018;79(4):191-195). In that Case Report, we reported that 1) body weight returned to
prepregnancy values at nine months postpartum, 2) REE was similar in prepregnancy, and at three
and nine months postpartum, and 2) TEE returned to prepregnancy values by nine months

postpartum, despite additional energy expended through breast milk synthesis.
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3.2 Introduction

Obesity is a major public health problem. Globally, ~39% of women aged >18 years are
overweight and 15% have obesity (1). Risks of developing obesity are increased among women of
childbearing age, in part because of the expected weight gain during pregnancy and the potential
lack of, or limited, weight loss after pregnancy, which increases the risk of longer-term weight
retention (2, 3). Although, on average, postpartum weight retention (PPWR) may seem reasonable,
often ranging from ~0.5 to 4 kg, it is highly variable at the individual level (2, 4). Several studies
have demonstrated that ~20% of women retain >5 kg after pregnancy (5-7), and others have shown
that lack of weight loss in the postpartum period may be associated with higher body weight for
10-15 years following pregnancy (8, 9). However, despite the potential long-term health impacts
of PPWR, detailed guidelines describing timelines and evidence-based approaches to manage the
issue do not exist (10).

Influences on PPWR are complex and multifactorial, and include prepregnancy body mass
index (BMI), gestational weight gain (GWGQG), physical activity, dietary intake, sleep quality,
mental health, and breastfeeding (11-13). Additionally, energy metabolism is often overlooked,
yet it is re-emerging as a factor in PPWR regulation (14). Most of the knowledge on energy
metabolism in the postpartum period is based on research completed a number of decades ago (15-
20), when energy intake was lower and physical activity was higher in comparison with that
observed in contemporary women (21). A longitudinal study from the early 1990s (15) reported
that the basal metabolism of 10 well-nourished lactating women did not increase in accordance
with the cost of milk production and there was no evidence of fat mobilization. Therefore, the
energy cost of lactation was met through an increase in energy intake and a decrease in voluntary
activities. In the early 2000s, another longitudinal study (20), conducted with 24 well-nourished
women, suggested that energy needs during lactation were met primarily from energy intake and
partially from fat mobilization, as there was limited evidence of adaptations in metabolism and
physical activity. The main conclusion of these studies was that a large interindividual variation in
adaptations to sustain energy balance occurred during lactation. Notably, most previous studies
(15-20) were primarily focused on metabolic adaptations related to the energy cost of lactation vs.
the relationship between energy metabolism and PPWR.

Herein, we conducted an in-depth analysis of key components of energy metabolism (i.e.,

total energy expenditure [TEE], REE, EEE, SleepEE, and RQ) of postpartum women comparing
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high vs. low weight retainers with the use of a state-of-the art methodology. Additionally, we
examined the influence of energy metabolism on PPWR at two selected time points: three and nine

months postpartum (3M-PP and 9M-PP, respectively).

3.3 Methods

3.3.1 Study design and participants.

The Postpartum Calorimetry Study was a cohort study, which used a convenience sample
of 53 postpartum women recruited between February 2014 and December 2015. The number of
eligible women who completed the study at 3M-PP and 9M-PP determined the final sample size.
All measurements were performed at the Human Nutrition Research Unit (HNRU), University of
Alberta. Participants were recruited with the use of newspaper advertisements, brochures, mailings
to specific listserves, local events with maternity or baby themes, community health clinics, and
by word of mouth. The postpartum women who enrolled in the study were >18 years of age, had
a singleton term pregnancy (37-42 weeks) and were no more than 3M-PP at the time of enrollment.
Participants had resting blood pressure and heart rate within normal ranges with no significant
health issues, chronic diseases, or food allergies, and were not taking any medication that could
affect their energy metabolism. The study was approved by the University of Alberta Health

Research Ethics Board. All participants provided informed consent.

3.3.2 Study protocol.

Following recruitment, each participant completed demographic and pregnancy-related
questionnaires. Next, participants visited the HNRU at ~3M-PP (3.2 + 0.3 months) and 9M-PP
(9.2 £ 0.3 months; follow-up time: 6.0 + 0.4 months), chosen to reflect early vs. late postpartum
periods, as well as a priori considerations of participant acceptability to the study protocol. At the
3M-PP time point, participants attended the HNRU, where anthropometrics, body composition,
and REE were measured. These same measurements were repeated at the 9M-PP time point.
Additionally, participants underwent a 24-hour total energy expenditure (TEE) test and a
cardiorespiratory fitness assessment. The flowchart of the Postpartum Calorimetry Study is

presented in Figure 3.1. A detailed description of the measurements is presented below.
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3.3.2.1 Demographic and pregnancy-related characteristics.

Age (years), education level (high school or trade, or undergraduate or postgraduate),
marital status (married or other), ethnicity (Caucasian or other), family income (<C$70,000 or
>C$70,000), and parity (primiparous or multiparous) were collected by questionnaires.
Information about smoking history (never smoked or ever smoked), birth and delivery (gestational
length, mode of delivery, infant birth weight), and breastfeeding status (any breastfeeding yes or

no) were also collected.

3.3.2.2 Anthropometrics and body composition.

Women were asked to report their prepregnancy weight as well as their highest weight in
pregnancy. Current body weight was measured to the nearest 0.1 kg with the use of a Health o
meter® Professional digital scale (752KL Pelstar-LLC; IL, USA); height was measured to the
nearest 0.1 cm with the use of a 235 Heightronic digital stadiometer (Quick Medical; WA, USA);
and waist circumference was measured in triplicate to the nearest 0.1 cm with the use of a
nonelastic tape, with the average of the closest two values recorded.

Body composition was measured through the use of dual-energy X-ray absorptiometry (GE
Medical Systems; WI, USA) and scans were analyzed with enCORE 9.20 software to generate
estimates of fat mass (FM), lean soft tissue (LST), and bone mineral content. Fat-free mass (FFM)
was calculated by summing the LST and bone mineral content. Appendicular skeletal muscle
(ASM) was estimated by measuring the amount of LST in the arms and legs. Variables were also
expressed adjusted for height in meters squared (index) (22).

BMI was calculated from self-reported body weight (prepregnancy), measured body
weight (3M-PP and 9M-PP), and height measured at the 3M-PP visit. Participants were classified
as underweight (<18.50 kg/m?), normal weight (18.50-24.99 kg/m?), overweight (25.00-29.99
kg/m?), or obese (>30.00 kg/m?) (23), according to their BMI at the three time points
(prepregnancy, 3M-PP, and 9M-PP). GWG was calculated as the difference between the highest
weight in pregnancy and the prepregnancy weight. Participants were classified, according to
adherence to GWG guidelines (24), as “below”, “met”, or “above” the recommended amount of
GWG based on their prepregnancy BMI.

PPWR was calculated as the difference between body weight measured at the 3M-PP and
OM-PP visits and prepregnancy weight. In this study, high PPWR was defined based on the Dietary
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Reference Intake guidelines (25). This criterion considers an average weight loss of 0.8 kg/month
in the first six months postpartum (total 4.8 kg weight loss), with weight stability expected after
this period (25). Therefore, high PPWR was defined as >4.8 kg weight retention at 9M-PP
compared with prepregnancy weight. The sample was stratified into two groups according to the
amount of weight retained at 9M-PP: high-retainers (>4.8 kg, n = 11) and low-retainers (<4.8 kg,
n=38).

3.3.2.3 Energy metabolism profile.

Energy metabolism was measured by indirect calorimetry, by measuring the volume of
oxygen consumption (VO>) and volume of carbon dioxide production (VCO2), with the use of a
whole body calorimetry unit (WBCU), a technique explained in detail elsewhere (26). Participants
completed a REE (1-hour) test at 3M-PP and 9M-PP, following the same protocol at both time
points. TEE (24-hour) was measured only at 9M-PP, and participants adhered to a standardized
schedule while in the WBCU (Supplemental Table 3.1).

Resting energy expenditure. REE was measured for 60 minutes, with the first 30 minutes
excluded from analyses to account for acclimatization. Participants were instructed to rest in a
supine position, being awake but motionless, after fasting for >8 hours and refraining from exercise
for 24 hours prior to the test. Participants were requested to have only minimal physical activity
on the morning of the test (e.g., get dressed; drive from home to the HNRU; and take the short
walk from the parking lot to the HNRU). REE was expressed as kilocalories per day (measured
REE), adjusted for kilograms of body weight (REE adjusted body weight) and for body
composition (predicted REE). The latter is reported by applying a multiple linear regression model,
with measured REE as the dependent variable and FFM and FM as independent variables. Age
was not a significant predictor of REE and was therefore not included in the models. This linear
regression analysis was used to generate equations for REE at baseline (3M-PP). Two different
equations specifically for low and high-retainers were generated, as these two groups presented
with different percentages of FM, and the impact of FM on the variance in REE depends on the
grade of adiposity (27). These equations were used to predict REE values at 9M-PP from the
measured FFM and FM values at 9M-PP. The difference between measured and predicted REE
(i.e., residual REE) allows for a comparison of REE over time and between groups because it

accounts for differences in REE owing to body composition. If changes in REE are proportional
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to changes in body composition, the predicted REE from the regression equation will be equal to
the measured REE. Significant differences in residual REE indicate that REE is not explained by
individual changes in FFM and FM. The importance of this approach to body composition
adjustment is discussed elsewhere (28-30).

Total energy expenditure. TEE was measured for 24 hours, and components of TEE,
including REE (described above), EEE, and SleepEE, and substrate oxidation were included in the
measurements. During the other periods of the 24-hour test, participants performed leisure
activities (e.g., watching TV, using their computer, reading). TEE was expressed as kilocalories
per day, which was adjusted for total urinary nitrogen losses with the use of the complete Weir
equation (31). A 24-hour pooled urine sample was collected during the test day and was used to
measure concentrations of total urinary nitrogen, which was determined in triplicate by
chemiluminescence (Shimadzu TOC-L CPH Model with ASI-L autosampler and TNM-L,
Shimadzu Corporation; JS, China; coefficient of variation <1%). Additionally, TEE was adjusted
for kilograms of body weight (TEE adjusted body weight).

Exercise energy expenditure. EEE was measured for 30 minutes, followed by a 5-minute
cool down. The activity was a submaximal treadmill walk (BH T8 Sport North America; CA,
USA), at an exercise intensity equivalent to the stage previous to the one that elicited the individual
ventilatory threshold predetermined from the treadmill exercise test (detailed description below:
cardiorespiratory fitness). This exercise was chosen as it represented a low to moderate intensity
and would ensure that the individual RQ would be <1.0.

Sleep energy expenditure. SleepEE was measured for 8 hours and analyzed as 3-hour
intervals, as it depicts constant plateau values (32). Participants were instructed to remain lying for
the entire scheduled sleep time and requested not to sleep at any other time during the day.

Substrate oxidation. RQ was calculated as the ratio between VCO, and VO, allowing for
the assessment of substrate oxidation during all activities performed while in the WBCU, including

at rest.

3.3.2.4 Cardiorespiratory fitness.
To assess cardiorespiratory fitness and to standardize the intensity of the WBCU exercise
session across the participants, a submaximal, graded treadmill exercise test was performed

according to the modified Bruce protocol (33) a minimum of two days before the 24-hour test.
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Prior to this testing session, participants completed the Physical Activity Readiness Questionnaire
for Everyone (PAR-Q+) (34), and were instructed to avoid any strenuous exercise and alcohol the
day before. Participants were also instructed to consume a light meal and hydrate with water, and
to refrain from drinking caffeinated beverages, <2 hours before the test. Resting blood pressure
and heart rate were checked after five minutes of sitting quietly. Prior to the beginning the test, all
participants completed a 5-minute warm-up (2.5 minutes at 1.7 mph and 0% grade, followed by
2.5 minutes at 2.5 mph and 5% grade), followed by a 10-minute rest period. Gas exchange
variables were measured with the use of a calibrated TrueMax metabolic measurement system
(Parvo Medics; UT, USA). Heart rate was measured every minute (Polar Electro Heart Rate
Monitor; Kempele, Finland). Systolic and diastolic blood pressure, with the use of a
sphygmomanometer and stethoscope, and participant exercise intensity, according to a 20-point
rating of perceived exertion (35), were measured during the last minute of every 3-minute exercise
stage. The treadmill test was terminated once the individual exceeded their individual ventilatory
threshold (see below), as observed by a trained exercise physiologist from the real-time graphical
display of VO vs. VCO> during the exercise test. All participants completed a 5-minute walking
cool down at 1.7 mph and 0% grade after the treadmill test was terminated. The ventilatory
threshold of each participant was determined with the use of the software provided with the
metabolic measurement system, which uses the V-slope criteria (36), and was visually confirmed
by an exercise physiologist. Predicted maximal volume of oxygen consumption (pVO, max) was
calculated based on the multistage model with the VO, and heart rate from two different
submaximal exercise stages according to the formulas reported by Heyward (37). Age-predicted

maximum heart rate was calculated according to Tanaka et al. (38).

3.3.3 Food provided while inside the whole body calorimetry unit.

Food consumed by participants during the 24-hour WBCU stay was designed by a
Registered Dietitian with the use of the Food Processor Nutrition Analysis Software (ESHA
Research, Inc., version 10.6.0), with standardized macronutrient content (~50% carbohydrate, 30%
fat, 20% protein) to maintain energy balance. The energy intake of each participant was initially
estimated from the Mifflin-St Jeor prediction equation (39), and adjusted throughout the day on
the basis of measured energy expenditure according to the WBCU data points. All food was
weighed and prepared at the HNRU metabolic kitchen by trained staff. Participants received three
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meals (breakfast, lunch, and dinner) and two snacks (afternoon and evening snacks) throughout
the 24-hour test day (Supplemental Table 3.1), and were instructed to eat all of the provided food

within a 30-minute time period. Bottled water was provided ad libitum.

3.3.4 Statistical analysis.

A paired ¢ test or Wilcoxon’s signed-rank test was used, as appropriate, to determine
differences in dependent variables from 3M-PP to 9M-PP in the entire cohort and within groups
(high- and low-retainers). Differences in dependent variables between high- and low-retainers at
3M-PP and 9M-PP were evaluated by independent ¢ test or Mann-Whitney U test, as appropriate.
A 1-sample ¢ test was used to determine whether residual REE (the difference between measured
REE and predicted REE from a linear regression model) was significantly different from zero.

GEE analyses were used to investigate the relationship between PPWR (primary outcome)
and REE (exposure variable and treated as a time-varying predictor) at 3M-PP and 9M-PP.
Maternal age, prepregnancy BMI, GWG, FM at 3M-PP, and breastfeeding status (treated as a time-
varying covariate) at 3M-PP and 9M-PP were included in the model to control for their potential
confounding effects.

Ordinary least squares (OLS) analyses were fitted with PPWR at 9M-PP as the primary
outcome, with the exposure variables being TEE, REE, SleepEE, and pVO, max at 9M-PP.
Maternal age, prepregnancy BMI, GWG, FM at 3M-PP, and breastfeeding status at 9M-PP were
included as covariates owing to their potential biological impact on PPWR. Forward stepwise was
employed as the approach to variable selection, and the backward approach was used as a
sensitivity analysis. In the final models, owing to multicollinearity, each exposure variable was
fitted in a separate model together with significant covariates identified in the stepwise stage.

SEM analyses were employed to understand the complex relations between PPWR
(primary outcome), energy expenditure (exposure variables: REE at 3MPP and TEE at 9M-PP),
and other covariates (maternal age, prepregnancy BMI, GWG, FM at 3M-PP, and breastfeeding
status at 3M-PP and 9M-PP). A cross-lagged panel approach was used as part of the SEM analyses
to investigate the potential bidirectional relation between PPWR and energy expenditure.
Covariates were assessed for multicollinearity based on their variance inflation factor; only

covariates with a variance inflation factor <10 were included in the GEE, OLS, and SEM analyses.

65



Change over time was analyzed with the use of 2-way mixed repeated-measures ANOVA.
The basic model included a group factor (high- or low-retainers), a time factor (3M-PP or 9M-PP),
and an interaction between group and time (PPWR x time). The main effects of group and time
were explored for nonsignificant interactions. Significant interactions were examined further by
the use of planned comparisons: 1) reanalyzing the simple main effect of group (comparing low-
and high-retainer groups at both 3M-PP and 9M-PP) by independent ¢ test or Mann-Whitney U
test, as appropriate, and 2) reanalyzing the simple main effect of time (change from 3M-PP to 9M-
PP in both low- and high-retainer groups) by paired ¢ test or Wilcoxon’s signed-rank test, as
appropriate. No comparisons were performed between high-retainers at 3M-PP and low-retainers
at 9M-PP, or between low-retainers at 3M-PP and high-retainers at 9M-PP.

Given that there is no definitive cutoff established in the literature to define a high
postpartum weight retainer, we extrapolated the 4.8 kg value from the current recommendation for
postpartum weight loss over six months. Therefore, as an exploratory analysis to compare our
proposed 4.8 kg PPWR cutoff, we used a receiver operating characteristic curve to determine the
ability of PPWR at 3M-PP to discriminate high-retainers from low-retainers at 9MPP.

Data were presented as either median and range (minimum, maximum) for continuous
variables, or frequency with total number and percentage for categorical variables. Data were
assessed with the use of Mplus version 7 (Muthén & Muthén; CA, USA) for SEM analyses, SAS
version 9.4 (SAS Institute Inc.; NC, USA) for GEE and OLS analyses, and SPSS version 24 (IBM
Corp.; NY, USA) for all other analyses. The threshold for significance was set at P < 0.05.

3.4 Results

Of the 53 participants enrolled in the study, four were lost to follow-up. One participant
withdrew from the study prior to the 3M-PP time point assessment owing to time constraints, and
three did not return for the 9IM-PP follow-up test visit (two owing to subsequent pregnancies and
one had moved away). Of the 49 participants included in the analyses, 43 completed the 24-hour
test at the 9M-PP time point, and the other six completed the same measurements collected at the
3M-PP time point. Reasons for six women not completing the 24-hour test included anxiety over
being away from infant for 24 hours (n = 4), feeling sick during the test (n = 1), and undergoing a

minor surgical procedure (n = 1) (Figure 3.1). Women who did not complete the 24-hour test (n =
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6) were no different from those who completed the test (n = 43) on the following measures:

maternal age, body weight, BMI, FM, FFM, and measured REE (all P > 0.05).

3.4.1 Demographic and pregnancy-related characteristics.

Overall, the median (range) age of participants was 32.8 (25.5, 41.5) years. The majority
were university educated (81.6%), married (87.8%), Caucasian (87.8%), with a high income
(83.7%), and primiparous (53.1%). No participants were currently smokers. Before pregnancy, the
median BMI was 24.3 (19.5, 41.7) kg/m?, and just over half (57.1%, 28/49) of the participants
being classified with normal weight, 24.5% (12/49) with overweight, and 18.4% (9/49) with
obesity. From those in the obesity categories, five (10.2%) were classified with obesity class I,
three (6.1%) with obesity class II, and one (2.1%) with obesity class III. The median GWG was
14.3 (3.5, 27.2) kg; 25 participants (51%) gained more weight than recommended during
pregnancy, four (8.2%) participants gained less weight, and 20 (40.8%) met the GWG
recommendation. Most women (77.6%, 38/49) had a vaginal delivery, and all women delivered a
term infant [39.7 (37.0, 41.7) weeks gestation], with a median birth weight of 3487 (2272, 4734)
grams. At 3M-PP, 79.6% (39/49) of women were breastfeeding, and 57.1% (28/49) continued to
breastfeed at IMPP.

3.4.2 Participant characteristics and change over time.

The changes in participants’ characteristics from 3M-PP to 9M-PP are presented in Table
3.1. Although the median PPWR was not substantial at 3M-PP (3.1 kg) or 9M-PP (0.9 kg; P <
0.001), a high interindividual variability was observed at both time points, with an absolute
difference between maximum and minimum values of 26.7 kg for 3M-PP and 33.2 kg for 9M-PP.
Overall, participants decreased body weight and BMI from 3M-PP to 9MPP (both P < 0.001).
However, a wide intraindividual variability was observed, with some participants losing ~10 kg
and others gaining ~13 kg of body weight. In fact, 6 women (12.2%, 6/49) gained weight [2.6 (1.2,
12.7) kg], and 22.4% of participants (n = 11) retained >4.8 kg at the 9M-PP time point compared
with prepregnancy weight. Reduction in body weight was mostly driven by an ~10% decrease in
FM; the reduction was also observed for the FM index and the percentage of FM (all P < 0.001).

There was also a decrease in waist circumference (P < 0.001), but no significant changes were
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observed in absolute or height-adjusted measurements of FFM, LST, and ASM from 3M-PP to
9M-PP (Table 3.1).

Even though body weight decreased from 3M-PP to 9M-PP, measured REE increased, on
average, by 22 kcal/d over time (P = 0.005). There was a large interindividual variability at both
time points, with an absolute difference between maximum and minimum values of 905 kcal/d and
1165 kcal/d at 3SMPP and 9M-PP, respectively. Additionally, change in measured REE over time
showed wide intraindividual variability, ranging from —14.7% to 18.9%. There was an overall 10%
increase in REE adjusted body weight (P < 0.001); however, it decreased in 11 participants.
Change in REE adjusted body weight was also highly variable within individuals, with the same
percentage difference between maximum and minimum values (33.6%) as for measured REE. The
residual REE at 9M-PP was significantly different from zero (P = 0.001); in other words, an
increase of 51 kcal/d (—186, 451) in measured REE greater than predicted by changes in FM and
FFM was observed. There was no change in fasting RQ between 3M-PP and 9M-PP (P = (0.226)
(Table 3.1). During the 9-month 24-hour TEE test, median RQ values were 0.819 (0.754, 0.898)
during fasting, 0.840 (0.790, 0.900) during sleeping, and 0.940 (0.894, 0.982) during exercise. The
24-hour RQ was 0.857 (0.791, 0.902). The median pVO> max of cardiorespiratory fitness of
participants at 9M-PP was 35 (21, 55) mL - kg ! - min".

3.4.3 Effects of energy metabolism on postpartum weight retention.

We also explored associations between PPWR and energy metabolism through the use of
GEE, OLS, and SEM analyses. The GEE analyses showed that REE was negatively associated
with PPWR; a 1 kcal/kg increase in REE was associated with a 0.74 kg decrease in body weight
(95% CI: —1.29, —0.19 kg; P = 0.0087). Additionally, participants with a higher FM at 3M-PP had
a higher PPWR at 3M-PP and 9M-PP. Each 1 kg increase in FM was associated with a 0.34 kg
increase in body weight (95% CI: 0.13, 0.56 kg; P = 0.0017). PPWR was positively associated
with GWG (B: 0.37; 95% CI: 0.19, 0.56; P <0.0001), and negatively associated with prepregnancy
BMI (f: —0.89; 95% CI: —1.30, —0.48; P < 0.0001) and breastfeeding (5: —2.05; 95% CI: —3.78,
—0.33; P=0.0198). Maternal age was nonsignificant in the GEE analyses (Table 3.2).

The OLS analyses showed that TEE (mean + SE f: —0.08 £ 0.02; P = 0.0009), REE (f:
—0.12 + 0.02; P < 0.0001), SleepEE (f: —0.09 + 0.03; P = 0.0051), and pVO, max (8: —0.02 +
0.01; P = 0.047) were negatively associated with PPWR at 9M-PP in the separate models.
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Therefore, REE and other variables related to energy expenditure were significant predictors of
PPWR. For TEE, REE, and SleepEE models, maternal age and prepregnancy BMI were included
as potential confounders; GWG, FM at 3MPP, and breastfeeding status at 9M-PP were not
included in the models owing to nonsignificance. For the model containing pVO, max, maternal
age, prepregnancy BMI, GWG, FM at 3MPP, and breastfeeding status at 9M-PP were not included
into the model owing to nonsignificance. The same results (significant variables, size and sign of
the S coefficients) were observed with forward and backward stepwise approaches. For the model
containing REE, each increase of 1 kcal//kg was associated with a weight reduction of 0.12 + 0.02
kg (P <0.0001, data not shown).

In the SEM analyses, the total effect of the relations between energy expenditure and
PPWR at 3M-PP and 9M-PP (Table 3.3) was estimated by the sum of the direct effect (direct
arrows in Figure 3.2) and all the indirect effects of the pathways between exposure and outcome
(total effect = direct effect + indirect effect). For example, the total effect of GWG on PPWR at
OMPP (f: 0.45 £ 0.15; P=0.003, Table 3.3) is the sum of the direct effect between these (5: —0.47
1+ 0.15; P =0.002) and all the indirect effects through both REE at 3M-PP (f: —0.07 x f: —0.57 %
S 1.21, which is equal to £: 0.05) and PPWR at 3MPP (f: 0.72 x f: 1.21, which is equal to S:
0.87). Therefore, the total effect = —0.47 + (0.05 + 0.87) = 0.45. In general, the SEM analyses
showed relations that were consistent with the GEE analyses. The SEM analyses supported the
bidirectional relation between energy expenditure and PPWR. Each 1 kcal/kg increase in REE at
3M-PP was associated with a weight reduction of 0.57 £ 0.20 kg (P = 0.004) and 0.69 £ 0.25 kg
(P =0.006) at 3M-PP and 9M-PP, respectively. Conversely, each 1 kg increase in PPWR at 3M-
PP was associated with a 0.26 £ 0.09 kcal/kg decrease in TEE at 9M-PP (P = 0.005). However, no
association between PPWR at 9M-PP and TEE was observed. Additionally, FM at 3M-PP was
positively associated with PPWR at 3M-PP (5: 0.09 £ 0.03; P =0.005) and 9M-PP (5: 0.11 + 0.04;
P =0.008), and negatively associated with REE (f: —0.16 £0.02; P <0.001) and TEE (f: —0.15 £+
0.03; P < 0.001). GWG was positively associated with PPWR at 3M-PP and 9M-PP, but no
association with energy metabolism was observed. Additionally, maternal age, prepregnancy BMI,
and breastfeeding status were not significantly associated with body weight in the SEM analyses

(Figure 3.2, Table 3.3).
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3.4.4 Differences at three and nine months postpartum in high- and low-retainers.

High-retainers were older [35.3 (30.4, 40.9) years] than low-retainers [32.1 (25.5, 41.5)
years] (P =0.032), but did not differ in any other demographic or pregnancy-related characteristics.
Breastfeeding status was not different between high- and low-retainers at either time point.

The 2-way mixed repeated-measures ANOVA revealed several significant interactions
between PPWR and time (Table 3.4), including body weight, BMI, FM, FM index, FFM, FFM
index, LST, ASM, ASM index, REE, and fasting RQ, requiring the additional analyses described
below. Body weight did not differ significantly between groups at 3M-PP (P = 0.067), but it was
lower (P =0.045) in low-retainers than in high-retainers at 9MPP; it decreased by ~4% (P < 0.001)
in low-retainers between time points, but did not change in high-retainers (P = 0.878).

Most low-retainers (57.9%, 22/38) and high-retainers (54.5%, 6/11) had a normal
prepregnancy BMI; however, prepregnancy obesity was most prevalent in high- vs. low-retainers
(27.3%, 3/11 vs. 15.8%, 6/38). At 3SM-PP, BMI was lower (P =0.023) in low-retainers, with 47.4%
(18/38) having a normal BMI, than in high-retainers, where 27.3% (3/11) of women presented
with overweight and over half (54.5%, 6/11) had a BMI >30 kg/m?. Low-retainers changed BMI
categories at 9M-PP (P < 0.001), with 57.9% (22/38) being in the normal category, whereas all
high-retainers remained in the same BMI categories as 3M-PP (P = 0.878).

FM was 13.1 kg lower (P = 0.013) in low-retainers than in high-retainers at 3M-PP, and
11.3 kg lower (P = 0.009) at 9MPP. There was an ~12% decrease in FM in low-retainers between
the two measurement times (P < 0.001), but there was no significant change over time in high-
retainers (P = 0.657). In addition, FFM, FFM index, LST, ASM, and ASM index did not differ
between groups for either time points (all Z > 0.05), in spite of a significant increase in these
variables over time in the high-retainer group (all P <0.05, Table 3.4).

At 3M-PP, REE was 2 kcal/kg higher (P = 0.014) in low-retainers than in high-retainers,
and it was 4 kcal/kg higher (P = 0.001) at 9M-PP. Low-retainers had an ~15% increase in REE
between the two time points (P < 0.001), but REE did not differ in high-retainers at the two time
points (P = 0.328). At 9M-PP, the residual REE was significantly different from zero (P = 0.001)
in low-retainers, in which they presented with an increase of 60 kcal/d (=186, 451 kcal/d) in
measured REE greater than predicted by changes in body composition. No difference between

measured and predicted REE was observed in high-retainers (P = 0.764). Low-retainers had a
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lower fasting RQ [0.827 (0.763, 0.898)] than high-retainers [0.848 (0.795, 0.904), P = 0.031] at
3M-PP, but no difference between the two groups was observed at IM-PP (P = 0.402, Table 3.4).

Table 3.5 shows a comparison between low- and high-retainers in cardiorespiratory fitness
status and energy metabolism at 9MPP. Low-retainers presented with 7 mL - kg™' - min™! higher
pVO2 max compared with high-retainers (P = 0.047). TEE was 4 kcal/kg higher in low-retainers
than in high-retainers (P = 0.016). No differences between groups were observed in EEE, SleepEE,

or substrate oxidation (Table 3.5).

3.4.5 Exploratory analysis with the receiver operating characteristic curve.

When defining high weight retention at 9M-PP as >4.8 kg, the probability of correct
classification for high-retainers at 9MPP according to weight retention at 3M-PP was 77% (P =
0.007). The cutoff for PPWR at 3M-PP maximizing the sum of sensitivity and specificity was 3.5
kg. The sample was therefore restratified into two groups at 3M-PP based on the new cutoff for
PPWR (high-retainers: >3.5 kg, low-retainers: <3.5 kg) and the analyses were repeated. Upon

further analysis, the findings were similar with the lower cutoff for PPWR (data not shown).

3.5 Discussion

In this study, energy metabolism influenced the weight trajectory in postpartum women,
whereby REE, TEE, and pVO> max were negatively associated with PPWR, and were lower in the
subset of women who retained substantial weight than in those who retained less weight. An
increase in REE from early to late postpartum was observed in low-retainers, which was greater
than predicted by changes in body composition. Additionally, FM was positively associated with
PPWR and negatively associated with energy metabolism. To our knowledge, this study is the first
to provide an in-depth profile analysis of key components of energy metabolism in early and late
postpartum with the use of a WBCU, and investigating its influence on postpartum weight
trajectory in contemporary women.

Our findings suggest that energy metabolism plays a pivotal role in PPWR, even after
adjustments for potential biological confounding factors, such as body composition, maternal age,
prepregnancy BMI, GWG, and breastfeeding status. Although a number of studies have assessed
energy expenditure and lactation in the postpartum period, the impact of energy metabolism on

weight regulation has not been well documented during this life stage. Indeed, the role of energy
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metabolism on changes in body weight and body fatness in any population is not entirely clear.
For example, a 4-year follow-up landmark study with Pima Indians reported that low REE values
were associated with weight gain (40). A more recent study with the same population showed that
body weight was negatively associated with adjusted REE (41). Opposing findings were reported
in a 5.5-year follow-up study that showed no association between REE and weight changes (42).
Similarly, a cohort study of nonpregnant and nonlactating women found no correlation between
REE and changes in body weight over a 3-year period (43). Disparate findings in studies examining
the influence of energy metabolism on weight regulation may be explained by body composition.
The main determinant of REE is FFM, the most metabolically active compartment, explaining
between 53% and 88% of the variance (44). Overall, increases in body weight occur alongside
increases in both FM and FFM; therefore, heavier individuals tend to have larger amounts of both
FM and FFM. In our study, low- and high-retainers had similar amounts of FFM, but FM was
higher in high- vs. low-retainers. These findings may account for the higher REE observed in low-
retainers, as the relative impact of FM on REE variance decreases with a concomitant increase in
the relative contribution of FFM. Pregnant women are expected to gain weight and FM for the
development of maternal and fetal tissues. However, many of the pregnancy-related contributors
to GWG, along with excess fluids gained during pregnancy, are lost in the first six weeks
postpartum; after this period, PPWR is attributable mainly to increases in FM (3). The larger the
amount of FM accrued during pregnancy, the longer it will take to return to prepregnancy weight
(45). This is owing to the higher energy content per kilogram change of FM compared with FFM,
so that an ~5-fold greater deficit in net energy is required to lose FM than is required for FFM (46).
We demonstrated that FM was positively associated with PPWR, and that high-retainers did not
lose FM between measurement time points. Additionally, FM was negatively associated with
energy metabolism, and was different between low- and high-retainers, suggesting that FM may
account for some of the differences in energy metabolism. Other studies have shown an
independent contribution of FM to REE variance (27, 30, 44). In 1306 nonpregnant and
nonlactating Caucasian women, the contribution of FM to REE variance increased with increasing
adiposity but decreased at high levels of adiposity (>40% FM), suggesting that the metabolic rate
of FM is reduced at >40% FM (27).

Importantly, evidence suggests that energy expenditure is under tight biological control,

and occurs within a target range defined as energy expenditure set points (14, 47). The width

72



between the lower and upper limits of these set points may vary between individuals, potentially
explaining the variability in the propensity to gain weight (14). Additionally, human metabolism
precludes an expansion of the energy expenditure set point beyond its upper limit with excess
energy intake, showing an inefficient response to weight gain (14). This concept is an alternative
explanation for our findings, in which a subset of postpartum women retained a substantial amount
of weight accompanied by no changes in energy expenditure between 3M-PP and 9M-PP.
Furthermore, low-retainers had an additional increase in REE that exceeded those explained by
changes in body composition, which may lead to negative energy balance, allowing the body to
dissipate excess calories in an attempt to return the body weight to prepregnancy values.

Another important finding of this study was the negative association between pVO, max,
as an indicator of cardiorespiratory fitness, and PPWR. A 20-year longitudinal study reported that
women with a higher VO» max were less likely to experience a weight gain of >10 kg over the
follow-up period, and suggested that cardiorespiratory fitness was an important predictor of weight
gain (48). A study on pregnancy-related changes in fitness levels noted that those with a high BMI
had a lower VO, max than the normal-BMI group at 0 and 27 weeks postpartum (49). It is likely
that postpartum women who participate in certain physical activity programs present with a higher
cardiorespiratory fitness, lower FM (50), and a more favorable energy expenditure profile, which
would potentially assist in reducing body weight.

Our findings also indicated that lactation was negatively associated with PPWR.
Anecdotally, lactation is thought to impact postpartum weight regulation, although this relation is
controversial. A recent meta-analysis of 14 cohort studies demonstrated that breastfeeding for 6—
12 months is associated with decreased PPWR; however, breastfeeding for <6 or >12 months may
have little or no influence on weight change (13).

The findings of our current study should be assessed in light of its strengths and limitations.
Our sample size was similar to or greater than others that have used comparable methods; however,
it is possible that the number of participants may have led to failure to detect meaningful outcomes.
One strength of the study was the rigorous and precise methodologies used to assess energy
expenditure, body composition, and cardiorespiratory fitness. Ideally, we would have preferred to
assess 24-hour TEE at 3M-PP; however, it was not feasible to separate mothers and infants for a
prolonged time when many of them were exclusively breastfeeding. Furthermore, the inclusion of

additional time points for data collection would have improved our understanding of postpartum
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weight trajectory (e.g., prepregnancy and 6-month time points), but it is likely that the loss to
follow-up would have increased because of the extensive time commitment required for each study
visit. Importantly, the drop-out rate for our study was low, with only 4 women lost to follow-up.
The use of self-reported information may have introduced some bias, especially for prepregnancy
weight. However, several cohort studies indicate that utilization of self-reported and measured
prepregnancy weight resulted in identical categories of BMI classification for most women (51,
52), suggesting that self-reported prepregnancy weights are reasonably accurate. Also, our
participants were primarily a group of Caucasian women, with a high income and high educational
level, and results may not be generalizable to all postpartum women.

Finally, these findings suggest that energy expenditure, body fatness, and cardiorespiratory
fitness are associated with weight trajectory during the postpartum period. Less favorable energy
metabolism profile, body composition, and cardiorespiratory fitness were observed in the subset
of women who retained a substantial amount of weight compared with those retaining small
amounts in early and late postpartum. Therefore, postpartum women are individuals with different
weight management needs, which may be driven by complexities of energy metabolism that are
not yet fully understood. This provides the foundation for the development of future strategies to

promote appropriate postpartum weight management.
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Table 3.1 Participants’ anthropometric, body composition and metabolic characteristics at
three and nine months postpartum (n = 49)’

Characteristics 3M-PP 9M-PP P value

Anthropometrics and body composition
Postpartum weight retention,” kg

Body weight, kg

Waist circumference, cm

3.1(-5.0,21.7)  0.9(-9.3,23.9) <0.0013
71.0 (53.7,127.9)  68.0(52.7,125.7) <0.0013
87.4 (69.0, 118.4) 84.1 (67.7,122.3) <0.001°

Fat mass, kg 25.7(10.0,63.1)  22.9(9.7,66.7)  <0.0013
Fat mass index, kg/m? 9.5 (3.6,21.7) 8.4(3.6,21.3)  <0.001
Fat mass, % 38.0(20.3,55.4)  35.1(17.8,55.5) <0.001
Fat-free mass, kg 44.6 (34.0, 60.4)  45.0 (34.8,59.0)  0.109

Fat-free mass index, kg/m?

Lean soft tissue, kg

Lean soft tissue index, kg/m?
Appendicular skeletal muscle, kg

15.9(11.8,20.8) 16.2(12.1,21.0)  0.136
420 (31.7,57.4) 42.4(32.8,559)  0.083
14.9(11.0,19.7) 153 (11.4,19.9)  0.105
18.7 (14.1,24.5)  18.9(14.0,25.3)  0.106

Appendicular skeletal muscle index, kg/m? 6.8 (4.9, 8.4) 6.7 (4.9, 8.6) 0.116

BMI categories, kg/m? - -

Normal weight (18.50-24.99) 20 (40.8) 24 (49.0)

Overweight (25.00-29.99) 16 (32.7) 13 (26.5)

Obese (=30.00) 13 (26.5) 12 (24.5)

Energy metabolism — —

Measured REE, kcal/day 1435 1457 0.005°

(1193, 2098) (1152, 2317)

REE adjusted body weight, kcal/kg 20 22 <0.001
(15, 24) (14, 26)

Residual REE (measured minus predicted — 51 0.001

REE),*kcal/day (-186, 451)

Fasting respiratory quotient 0.830 0.819 0.226

(0.763, 0.904) (0.754, 0.898)

'Values are median (range) or frequency (%), as appropriate. P values were calculated from paired
t tests. BMI, body mass index; REE, resting energy expenditure; M-PP, months postpartum.
2Postpartum weight retention was calculated as the difference between current weight (measured
at 3M-PP and 9M-PP visits) and self-reported prepregnancy weight.

3 A nonparametric test was used: the Wilcoxon’s signed-rank test.

*Resting energy expenditure was adjusted for fat-free mass and fat mass based on regression
analyzes performed at baseline (3M-PP), and predictive equations specifically for low-retainers
and high-retainers were derived. P values were calculated from a 1-sample ¢ test.
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Table 3.2 Generalized estimating equation analyses examining the effect of resting energy
expenditure on postpartum weight retention at three and nine months postpartum (n = 49)'

Explanatory variables /] SE 95% CI P value
Intercept 27.62 8.26 11.44, 43.81 0.0008
Time (9M-PP vs. 3M-PP) -1.59 0.78 -3.13,-0.06 0.042

Resting energy expenditure, kcal/kg -0.74 0.28 -1.29,-0.19 0.0087
Fat mass 3M-PP, kg 0.34 0.11 0.13, 0.56 0.0017
Gestational weight gain, kg 0.37 0.10 0.19, 0.56 <0.0001
Prepregnancy BMI, kg/m? -0.89 0.21 -1.30,-0.48  <0.0001
Breastfeeding status -2.05 0.88 -3.78, -0.33 0.0198

'Maternal age was nonsignificant in the generalized estimating equation analyses. 95% CI, 95%
confidence interval; S, regression coefficient; BMI, body mass index; M-PP, months postpartum,;

SE, standard error of £.
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Table 3.3 Total effects of the relationships explored in the structural equation modeling
analyses (n = 49)'. Related to Figure 3.2.

Relationships p SE P value
REE 3M-PP --> PPWR 3M-PP -0.57  0.20 0.004
REE 3M-PP --> PPWR 9M-PP -0.69  0.25 0.006
REE 3M-PP --> TEE 9M-PP 0.89 0.17 <0.001
PPWR 3M-PP --> PPWR 9M-PP 1.21 0.15 <0.001
PPWR 3M-PP --> TEE 9M-PP -0.26  0.09 0.005
FM 3M-PP --> PPWR 3M-PP 0.09 0.03 0.005
FM 3M PP --> PPWR 9M-PP 0.11 0.04 0.008
FM 3M-PP --> REE 3M-PP -0.16  0.02  <0.001
FM 3M-PP --> TEE 9M-PP -0.15  0.03  <0.001
Prepregnancy BMI --> TEE 9M-PP -0.20  0.07 0.005
GWG --> PPWR 3M-PP 0.76  0.09 <0.001
GWG --> PPWR 9M-PP 0.45 0.15 0.003
GWG --> REE 3M-PP -0.07  0.04 0.052
GWG --> TEE 9M-PP -0.00  0.01 0.980

IThe total effect of a relationship is estimated by the sum of the direct effect and all the indirect
effects of the pathways between the exposure (energy expenditure) and the outcome (PPWR).
Total effect = direct effect + indirect effect. For example, the total effect of GWG on PPWR at
OM-PP (mean + SE f: 0.45 £ 0.15; P = 0.003) is the sum of the direct effect between these (f: -
0.47 £0.15; P=0.002) and all the indirect effects through both REE at 3M-PP (f: -0.07 x 5: -0.57
x f:1.21, which is equal to £: 0.05) and PPWR at 3M-PP (f: 0.72 x f: 1.21, which is equal to f:
0.87). Therefore, total effect =-0.47 + (0.05 + 0.87) = 0.45. All the direct effects of the relations
between variables are presented in Figure 3.2. Maternal age, prepregnancy BMI, and breastfeeding
status were not significant associated with body weight in the structural equation modeling (SEM)
analyses. SEM analyses goodness of fit: Comparative Fit Index: 0.937, Standardized Root Mean
Square Residual: 0.037. f, regression coefficient; BMI, body mass index; FM, fat mass; GWG,
gestational weight gain; M-PP, months postpartum; PPWR, postpartum weight retention; REE,
resting energy expenditure; SE, standard error of f#; SEM, structural equation modeling; TEE, total
energy expenditure.
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Table 3.4 Anthropometrics, body composition, and energy metabolism characteristics of participants classified as high-retainers

and low-retainers at three and nine months postpartum (n = 49)'

High-retainers (n = 11) Low-retainers (n = 38) P value
PPWR

Characteristics 3M-PP IM-PP 3M-PP IM-PP PPWR Time X Time

Anthropometrics and body - - - -

composition

Body weight,? kg 81.5% 78.0% 69.7* 67.2% 0.035 0.153 0.002
(57.8, 113.0) (55.2,125.7) (53.7, 127.9) (52.7, 125.2)

Body mass index,? kg/m? 31.6% 30.2% 25.6™ 24.5% 0.023 0.079 0.003
(24.2,36.3) (23.1,40.2) (19.3,43.9) (18.9,43.0)

Waist circumference,? cm 08.5% 92.5*% 86.1%* 82.5% 0.058  <0.001 0.187
(74.8,118.4) (74.1, 122.3) (69.0, 118.1) (67.6, 115.7)

Fat mass,” kg 37.6* 32.9% 24,55 21.6% 0.008 0.015 0.016
(22.6, 58.3) (19.7, 66.7) (10.0, 63.1) (9.7, 61.3)

Fat mass index, kg/m’ 12.5% 12.0% 8.9 7.7% 0.009  0.008  0.022

(8.9, 18.6) (8.2,21.3) (3.6,21.7) (3.6,21.1)

Fat mass, % 45.8% 43.5% 36.4 32.4% 0.002  <0.001  0.138
(35.3,53.4) (33.1, 55.5) (20.3,55.4) (17.8, 53.6)

Fat-free mass, kg 43.7% 45.3% 44 8% 44 9% 0.973 0.011 0.031
(34.2,53.0) (35.1, 53.8) (34.0, 60.4) (34.8, 59.0)

Fat-free mass index, kg/m? 15.8% 16.3% 15.9% 15.7% 0.907 0.016 0.037
(13.6, 20.6) (13.8,21.0) (11.8,20.8) (12.2,20.3)

Lean soft tissue, kg 41.2% 42.9% 42.4% 42.3% 0.952 0.011 0.049
(32.0, 50.3) (33.0,51.0) (31.7,57.4) (32.7,55.9)

Lean soft tissue index, kg/m? 14.8% 15.4% 15.0% 14.8% 0.926 0.016 0.058
(12.8, 19.6) (12.8, 19.9) (11.0, 19.7) (11.4,19.2)

Appendicular skeletal muscle, 18.6% 18.9% 18.8% 18.8% 0.851 0.007 0.015

kg (14.2,24.4) (14.4, 25.3) (14.1, 24.5) (14.0, 24.1)

Appendicular skeletal muscle 6.8% 7.2% 6.8% 6.7 0.770 0.007 0.015

index, kg/m? (5.8, 8.0) (5.9, 8.4) (4.9, 8.4) (4.9, 8.6)

Energy metabolism — — — —

Measured REE,* kcal/day 1456 1536* 1432 1454 0.619 0.022 0.811
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(1229, 1944)  (1241,1950)  (1193,2098)  (1152,2317)

REE adjusted body weight, 18% 19%% 205 23by 0.002  <0.001 0.015
keal/kg (15, 23) (14, 22) (16, 24) (16, 26)

Residual REE (measured minus - 30 - 60 0.764*  0.001°  0.308°
predicted REE),? kcal/day (-149, 149) (-186, 451)

Fasting respiratory quotient 0.848 0.810% 0.827% 0.822% 0.321 0.021 0.021

(0.795,0.904)  (0.786,0.855)  (0.763,0.898)  (0.754, 0.898)

"Values are median (range). P values for PPWR, time, and PPWR x time columns are from the 2-way mixed repeated-measures
ANOVA. Results of an independent ¢ test or Mann-Whitney U test (as appropriate) for between-subject analysis are represented by the
letters a and b. Median values not sharing a common superscript letter are significantly different at P < 0.05. No comparisons were
performed between high-retainers at 3M-PP and low-retainers at 9M-PP; or between low-retainers at 3M-PP and high-retainers at 9IM-
PP. Results of the paired ¢ test or Wilcoxon’s signed-rank test (as appropriate) for within-subject analysis are represented by the letters
x and y. Median values not sharing a common superscript letter are significantly different at P < 0.05. M-PP, months postpartum; PPWR,
postpartum weight retention; REE, resting energy expenditure.

“Nonparametric tests were used: the Mann-Whitney U test or Wilcoxon’s signed-rank test, as appropriate.

3Resting energy expenditure was adjusted for fat-free mass and fat mass based on regression analyzes performed at baseline (3M-PP),
and predictive equations specifically for low-retainers and high-retainers were derived.

“1-sample ¢ test performed for high-retainers.

51-sample ¢ test performed for low-retainers.

®Independent ¢ test between low- and high-retainers.
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Table 3.5 Comparison of cardiorespiratory fitness status and energy metabolism between participants classified as high- and
low-retainers at nine months postpartum '

Characteristics High-retainers Low-retainers P value
Cardiorespiratory fitness status - -
pVO:2 max,? mL/kg/min 29 (25, 43) 36 (21, 55) 0.047
Energy expenditure - -
Exercise energy expenditure,? (kcal/min) 5.44 (3.98, 9.09) 5.11(3.34, 8.87) 0.228*
Sleep energy expenditure (2:00am to 5:00am),’ kcal/min 1.00 (0.80, 1.20) 1.01 (0.76, 1.44) 0.698*
Total energy expenditure,’ kcal/day 2020 (1550, 2620) 1940 (1495, 2879) 0.811%
Total energy expenditure,’ kcal/kg 26 (21, 33) 30 (22, 34) 0.016
Substrate oxidation — —
Exercise respiratory quotient? 0.943 (-0.900, 0.982) 0.939 (0.894, 0.982) 0.559
Sleep respiratory quotient (2:00am to 5:00am)* 0.842 (0.799, 0.876) 0.838 (0.790, 0.900) 0.876
24-hour respiratory quotient’ 0.862 (0.827, 0.885) 0.854 (0.791, 0.902) 0.4834
"Values are median (range). P values were calculated from an independent ¢ test. pVO, max, predicted maximal volume of oxygen
consumption.

2pVO, max and exercise metabolism: high-retainers (n = 11) and low-retainers (n = 36).
3Sleep and total metabolism: high-retainers (n = 9) and low-retainers (n = 34).
A nonparametric test was used: the Mann-Whitney U test.
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Figure 3.1 Flowchart of the Postpartum Calorimetry study
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Figure 3.2 Structural equation modeling analyses examining the relations between energy expenditure (REE at 3M-PP and TEE
at 9M-PP), postpartum weight retention (PPWR at 3M-PP and 9M-PP), and other covariates (maternal age, prepregnancy BMI,
GWG, FM at 3M-PP, and breastfeeding at 3M-PP and 9M-PP). This figure depicts all the direct effects of the relations between
variables; the total effect of these relations is presented in Table 3.3. Numbers in the diagram represent regression coefficients (standard
error of f). Significant beta terms are indicated using an asterisk. Maternal age, prepregnancy BMI, and breastfeeding status were not
significantly associated with body weight in the SEM analyses. SEM analyses goodness of fit: Comparative Fit Index: 0.937,
Standardized Root Mean Square Residual: 0.037. SEM analyses investigate the directional relations of all relevant variables by solving
a system of related equations, allowing for more complex modeling where the outcomes, exposures, and covariates are interrelated. The
total effect of a relation is estimated by the sum of the direct effect (the direct arrows in Figure 3.2) and all the indirect effects of the
pathways between the exposure (energy expenditure) and the outcome (PPWR). Total effect = direct effect + indirect effect. For
example, the total effect of GWG on PPWR at 9M-PP (mean = SE f: 0.45 + 0.15; P = 0.003; Table 3.3) is the sum of the direct effect
between them (f: -0.47 + 0.15; P =0.002) and all the indirect effects through both REE at 3M-PP (f: -0.07 x £: -0.57 x p: 1.21, which
is equal to f: 0.05), and PPWR at 3M-PP (f: 0.72 x f: 1.21, which is equal to 5: 0.87). Therefore, total effect = -0.47 + (0.05 + 0.87) =
0.45. The SEM model supports the bidirectional relations between energy metabolism and PPWR; REE at 3M-PP was negatively
associated with PPWR at 3M-PP (f: -0.57 £ 0.20; P = 0.004) and 9M-PP (f: -0.69 £ 0.25; P = 0.006). Additionally, PPWR at 3M-PP
was negatively associated TEE at 9M-PP (f: -0.26 + 0.09; P = 0.005); however, no association between PPWR at 9M-PP and TEE at
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OM-PP was observed. See also Table 3.3. BMI, body mass index; FM, fat mass; GWG, gestational weight gain; M-PP, months
postpartum; PPWR, postpartum weight retention; REE, resting energy expenditure; SEM, structural equation modeling; TEE, total
energy expenditure.
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Supplemental Table 3.1 Whole body calorimetry unit schedule

Time Task
07:00am Arrival
Anthropometric measurements
1*" energy expenditure prediction using Mifflin-St Jeor equation
08:00am 24-hour test begins
08:00 — 09:00am Resting energy expenditure (measured for 60 minutes)
08:45am 2™ energy expenditure prediction using WBCU data points

09:00 — 09:30am
09:30 — 12:00pm
11:15am

12:00 — 12:30pm
12:30 — 02:00pm
02:00 — 02:35pm

02:35 - 03:00pm
03:00 — 03:30pm
03:15pm

03:30 — 06:00pm
06:00 — 06:30pm
06:30 — 09:00pm
09:00 — 09:30pm
09:30 — 10:30pm

10:30 — 06:30am
02:00 — 05:00am
06:30am
07:15am

Breakfast (all food must be eaten within 30 minutes)

Participants leisure/work time (TV, computer, reading)

3" energy expenditure prediction using WBCU data points

Lunch (all food must be eaten within 30 minutes)

Participants leisure/work time (TV, computer, reading)

Exercise energy expenditure (exercise session on treadmill — measured
for 30 minutes followed by five-minute cool down)

Participants leisure/work time (TV, computer, reading)

Afternoon snack (all food must be eaten within 30 minutes)

4™ energy expenditure prediction using WBCU data points

Participants leisure/work time (TV, computer, reading)

Dinner (all food must be eaten within 30 minutes)

Participants leisure/work time (TV, computer, reading)

Evening snack (all food must be eaten within 30 minutes)

Participants leisure/work time (TV, computer, reading) and get ready for
bed

Sleep scheduled time

Sleep energy expenditure

Wake-up call

Out of unit

WBCU, whole body calorimetry unit.
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Chapter 4: Associations of Appetite Sensations and Metabolic Characteristics with Weight

Retention in Postpartum Women

4.1 Preface

Findings from Chapter 3 led us to explore other potential determinants of postpartum
weight retention (PPWR). Given that energy expenditure may generate a drive for food, appetite
control may potentially affect body weight regulation in the postpartum period. To our knowledge,
this is the first study to comprehensively evaluate differences in appetite sensations throughout the
day under conditions in which energy intake and energy expenditure (measured by whole body
calorimetry) were precisely matched; along with measurements of daily duration of lactation

episodes, and PPWR in contemporary women at nine months postpartum (n = 49).

A version of this chapter has been submitted for publication: Pereira LCR, Elliott SA, McCargar
LJ, Bell RC, Robson PJ, Prado CM, the ENRICH Study Team. Submitted to British Journal of
Nutrition on May 2019.

LCRP, LIM, RCB, PJR and CMP: Conception and/or design of the study; LCRP, SAE: acquisition

of data; LCRP, LJM, RCB, PJR and CMP: analysis and interpretation of data; All authors: drafting

the article or revising it critically. All authors read and approved the final manuscript.
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4.2 Introduction

Postpartum weight retention (PPWR) is estimated to be between 0.5 and 4 kg with
approximately 20% of women retaining >5 kg body weight at one year postpartum (1-3). Inter-
individual variability (2-5) in weight gain or loss may be associated with a variety of exposures
and behaviours (e.g., gestational weight gain [GWG], dietary intake) (5, 6), and a better
understanding of individual differences in factors driving weight change in the postpartum period
is needed.

Using the energy balance concept to investigate weight change allows for an integration of
physiological and behavioral determinants of energy expenditure and food intake with dynamic
changes in body composition (7). Numerous factors play a role in the regulation of food intake,
including appetite control. Energy expenditure, for example, may generate a drive for food, with
appetite control being a function of energy balance (8). This hypothesis is based on the premise
that an increase in energy expenditure is followed by a concomitant increase in energy intake to
maintain energy homeostasis (9, 10). As body composition is a major determinant of energy
expenditure, fat-free mass (FFM) and fat mass (FM) may also play important roles in appetite
control (7, 8).

Assessment of appetite sensations is a valid method of measuring subjective states of
motivation to eat before and in response to meals (11). Measures of appetite have been developed
to evaluate potential contributors to weight change, and studies with individuals with obesity show
that subjective measures of appetite predict subsequent energy intake, further impacting body
weight (12, 13). In the postpartum period, lactation leads to unique physiological changes that may
impact appetite control by altering energetic demands resulting from breast milk synthesis and its
energy output (14). Along with the energetic demands of lactation, daily lactation duration may
also be a contributing factor. Although research in humans is limited, animal studies suggest that
prolactin drives increased food intake in response to physical suckling stimulation, independent of
milk delivery (15, 16). Thus, the effect of lactation on appetite may differ for women with similar
breast milk energy output but different daily duration of lactation episodes. Lactation has also been
associated with differences in glucose and lipid homeostasis, with lower levels of glucose, insulin
(17, 18) and triglycerides observed in lactating vs. nonlactating women (19).

To date, most research has focused on investigating the impact of a fixed or ad libitum test

meal intervention on appetite sensations. However, little is known regarding how appetite
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sensations may change throughout the day in women whose energy intake and expenditure is
precisely matched. To the best of our knowledge, these relationships have not been investigated in
postpartum women. Therefore, the objectives of this study were to: 1) determine the association
between PPWR and appetite sensations (hunger, prospective food consumption [PFC], satiety,
fullness) throughout the day, under conditions in which energy intake and energy expenditure were
precisely matched; and 2) examine the association between appetite sensations, lactation,
metabolic characteristics including body composition, energy metabolism, and biochemical

parameters in women at nine months postpartum.

4.3 Subjects and Methods

4.3.1 Study design.

This study was a cross-sectional analysis of data collected as part of a longitudinal
observational study (Postpartum Calorimetry study) designed to assess energy expenditure in
women at three and nine months postpartum (9M-PP). The present analysis assessed
anthropometrics, body composition, lactation patterns, energy metabolism, appetite sensations,
and biochemical parameters at 9M-PP (9.2 + 0.3 months) in a convenience sample of 49
postpartum women at the Human Nutrition Research Unit, University of Alberta (Edmonton,
Alberta, Canada). This study was conducted according to the guidelines laid down in the
Declaration of Helsinki, and the study was approved by the University of Alberta Health Research

Ethics Board. All participants provided written informed consent prior to participation.

4.3.2 Participants and recruitment.

Details of this study protocol have been published elsewhere (20, 21). Briefly, study
participants were recruited via newspaper advertisements, community health clinics, and word of
mouth. Inclusion criteria were singleton term pregnancy (37-42 weeks), age >18 years, resting
blood pressure and heart rate within normal ranges, no significant health issues, chronic diseases,
and/or food allergies. Exclusion criteria included medications that might affect energy intake or

expenditure.

92



4.3.3 Study protocol in the whole body calorimetry unit.

The protocol began at 0730 of Day 1, after participants had fasted for >8 hours and had
refrained from exercise for 24 hours prior to the test. Body weight and appetite sensations were
measured, and a basal blood sample was taken for assessment of glucose, insulin, free-fatty acids,
and triglycerides. Participants entered the whole body calorimetry unit (WBCU) at 0800 of Day 1
and stayed until 0715 of Day 2 (23h 15 min). Total energy expenditure (TEE) measured in the
WBCU was extrapolated to a 24-h period (kcal/d).

Participants completed a standardized schedule while in the WBCU, Figure 4.1 Meals
were served at 0900, 1200, and 1800, with snacks at 1500 and 2100 and participants were fed
enough food to meet their individual energy expenditure. Energy intake for each participant was
initially estimated using the Mifflin-St Jeor prediction equation (22), and adjusted throughout the
day based on actual measured energy expenditure obtained in the WBCU. If energy intake was not
within 100 kcal compared to the WBCU energy expenditure prediction, the quantity of calories
provided to each woman was adjusted in + 100 kcal increments. Menus were designed by a
Registered Dietitian to contain 50% carbohydrate, 20% protein, and 30% fat (Food Processor
Nutrition Analysis Software [ESHA Research, Inc., version 10.6.0]). The proportion of energy
was as follows: 25% from each meal (i.e., breakfast, lunch, and dinner), and 12.5% from each
snack (i.e., afternoon and evening snack). Participants were instructed to eat all the food provided
within 30 minutes, and they were not allowed to eat any non-study foods. Bottled water was
provided ad libitum. All food was prepared by research staff in the adjacent metabolic kitchen.

Participants rated their appetite sensations (described below) immediately before and after
each meal and snack as well as at one and two hours after each meal for a total of 17 assessments
throughout the day. Resting energy expenditure (REE; kcal/d) and respiratory quotient (Fasting
RQ) were measured for 60 minutes from 0800 to 0900 and the last 30 minutes were averaged and
used for analysis. An additional blood sample was taken two hours after breakfast.

Participants exercised for 30 minutes in the afternoon from 1400 to 1430 followed by a
five-minute cool down by walking on a treadmill (BH T8 Sport North America; CA, USA). The
exercise intensity was predetermined from a treadmill exercise cardiorespiratory fitness test (21),
in which predicted maximal volume of oxygen consumption (pVO:max) was evaluated. For the
remainder of the day, participants chose a variety of leisure activities (e.g., watching television,

using computer or phone, reading, writing). Lights were turned off at 2230 and participants were
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awakened at 0630. Sleep energy expenditure (SleepEE) and RQ (Sleep RQ) were analyzed from
0200 to 0500. Participants exited the WBCU at 0715.

4.3.4 Anthropometric assessments.

Prepregnancy weight and highest weight in pregnancy was self-reported. Body weight at
9M-PP was measured to the nearest 0.1 kg (Health o meter® Professional, 752KL Pelstar-LLC;
IL, USA). Height was measured twice to the nearest 0.1 cm at an earlier study visit using a wall-
mounted digital stadiometer (235 Heightronic, Quick Medical; WA, USA). Participants were
classified as underweight (<18.50 kg/m?), normal weight (18.50-24.99 kg/m?), overweight (25.00-
29.99 kg/m?) or obese (>30.00 kg/m?), according to their BMI during prepregnancy and
postpartum periods (23).

GWG was calculated as the difference between highest weight in pregnancy and
prepregnancy weight. PPWR was calculated as the difference between body weight measured at
OM-PP visit and prepregnancy weight. In this study, high PPWR was defined based on the Dietary
Reference Intake guidelines (14). This criterion considers an average weight loss of 0.8 kg/month
in the first six months postpartum (total 4.8kg weight loss), with weight stability expected after
this period. High PPWR was defined as >4.8kg weight retention at 9M-PP compared to
prepregnancy weight, and the sample was stratified into two groups: high-retainers (>4.8kg, n =

11), and low-retainers (<4.8kg, n = 38).

4.3.5 Body composition.

Body composition was measured by dual-energy X-ray absorptiometry (GE Medical
Systems; WI, USA) and scans were analyzed by a single individual using enCORE software
version 9.20. Scans were used to generate estimates of FM, lean soft tissue, and bone mineral
content; FFM was calculated by adding lean soft tissue and bone mineral content. Variables were

also expressed adjusted for height in meters squared (index) (24).

4.3.6 Lactation pattern.
Lactating women completed a prospective 3-day breastfeeding diary which collected
information on the number of lactation episodes and the duration of each episode for each day.

This diary also included a 24-h infant test weighing protocol (25) as women recorded infants’
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weights on an electronic digital baby scale (BabyWeigh™ II Scale, Medela; IL, USA) before and
after each lactation episode. This information was used to estimate breast milk volume (g/d), and
breast milk energy output (kcal/d). The latter was calculated according to the Food and Agriculture
Organization/World Health Organization/United Nations University (FAO/WHO/UNU) Human
Energy requirements report (26), with breast milk volume corrected for insensible water losses
(5%), assuming 1 g/mL breast milk, 0.67 kcal/g for energy content of breast milk, and an efficiency
of 80%.

4.3.7 Energy metabolism.

Energy metabolism was assessed by indirect calorimetry, by continuously measuring the
volume of oxygen consumption (VOz) and carbon dioxide production (VCO,) in the WBCU (27).
Total urinary nitrogen excretion was determined in triplicate from a 24-h pooled urine collection
(chemiluminescence, TOC-L CPH Model with ASI-L autosampler and TNM-L, Shimadzu
Corporation; JS, China; coefficient of variation < 1%). The RQ was calculated as the ratio

VCO,/VO,. Physical activity level (PAL) was defined as TEE divided by REE.

4.3.7.1 Energy and macronutrient oxidation rates.

TEE was calculated using the complete Weir equation, Equation 1, including the urinary
nitrogen data (g/d) (28). Carbohydrate and fat oxidation were calculated using the formulas derived
by Brouwer (1957) (29), Equation 2. Protein oxidation was calculated by multiplying the total
urinary nitrogen (g/d) by 6.25.

Equation 1 (28)
Total energy expenditure (kcal/d) = (3.941xV03) + (1.106xVCO;) - (2.17%N)
VO,: Volume of oxygen consumption; VCO2: Volume of carbon dioxide production; N:

Nitrogen, where, VO» and VCO; are in liters per day, and N is in grams per day.
Equation 2 (29)

Carbohydrate oxidation (g/d) = (4.170xVCO>) - (2.965xV0>) - (0.390 xP)
Fat oxidation (g/d) = (1.718xV0;) - (1.718xVCO3) - (0.315%P)
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VO,: Volume of oxygen consumption; VCO2: Volume of carbon dioxide production; P:

protein oxidation, where, VO2 and VCO are in liters per day, and P is in grams per day.

4.3.7.2 Residual energy expenditure.

The difference between measured and predicted SleepEE is called residual SleepEE, and
when energy expenditure is proportional to body composition, predicted SleepEE equals measured
SleepEE. Therefore, the higher the residual SleepEE the higher the metabolism (high metabolism)
(30). Thus, to determine if participants in the current study presented with low or high metabolism
relative to the whole cohort, predicted SleepEE was examined as a function of FFM and FM in a
linear regression model. Age was not a significant predictor of SleepEE and was therefore not

included in the model.

4.3.8 Appetite sensations.

Participants rated their appetite sensations 17 times (Figure 4.1) across four dimensions:
hunger, PFC, satiety, and fullness, using a 0-100 mm visual analogue scale (11). Questions were
worded as follows: “How hungry do you feel?”, “How much do you think you can eat?”, “How
satisfied do you feel?”, “How full do you feel?”, and answers were anchored as “not at all” to
“extremely”. Using these ratings, a composite appetite score (CAS) was calculated at each time of
measurement as the average of hunger, PFC, and the inverse of fullness (i.e., 100 - fullness), and
satiety (i.e., 100 - satiety), as reported by others (31-33), Equation 3. For this study, the CAS
combined the four dimensions of appetite to derive a general measure of appetite that reflects a
single "motivation to eat” phenomenon. The CAS is increasingly used in research because it
integrates appetite sensations into one index (31-33). A higher CAS value is associated with a

greater appetite sensation and a subsequent stronger motivation to eat.

Equation 3 (31-33)
Composite appetite score (mm) = [hunger + prospective food consumption + unfullness

(100 - fullness) + lack of satiety (100 - satiety)]/4.

Each of the four perceived appetite sensations and the CAS responses were compared

between low- and high-retainers. Total daily responses to perceived appetite sensations and CAS

96



(hereafter overall motivation to eat) were assessed over 14 hours using the area under the curve
(14h-AUC) analyses, which was calculated from the fasting time point at 0730 to the postprandial
evening snack at 2130. We further divided the 24-h WBCU stay into four key time periods to
represent morning from 0900 to 1200, early afternoon from 1200 to 1500, late afternoon from
1500 to 1800, and evening from 1800 to 2100, and AUC were calculated for each time period (3h-
AUCQC). The trapezoidal method was used to calculate AUC (34).

4.3.9 Biochemical parameters.

Fasting and 2-h postprandial (following breakfast) venous blood samples were collected
(BD Vacutainer® Fluoride Tubes containing Sodium Fluoride 10 mg, Potassium Oxalate 8§ mg, or
serum separator tubes; NJ, USA). Plasma and serum samples were separated from whole blood
following centrifugation (2500 rpm for 10 min; Jouan CR 4.22 centrifuge) and stored at -80°C
until analyzed. Plasma glucose and serum triglycerides (Sekisui Diagnotics PEI Inc., PE, Canada),
and free-fatty acids concentrations (Zen-Bio Inc.; NC, USA) were measured using colorimetric
assays. Serum insulin was determined by ELISA (Insulin Ultrasensitive Enzyme-Linked
Immunosorbent Immunoassay kit; ALPCO Diagnostics; NH, USA). All metabolites were
analyzed in duplicate with a coefficient of variation <5%. The homeostasis model assessment of

insulin resistance was calculated using the equation described by Matthews et al (1985) (35).

4.3.10 Statistical analysis.

All statistical analyses were performed using SPSS version 24 (IBM Corp.; NY, USA);
data are presented as mean + standard deviation (SD) and the threshold for significance was set at
P<0.05. Normal distribution was evaluated using the Shapiro-Wilk test. Differences between low-
and high-retainers were determined via independent # test or Mann-Whitney U test, as appropriate.

Five multiple linear regression models were conducted with PPWR (kg) as a continuous
dependent variable. Independent variables included in the models were appetite-related variables
(all expressed as 14h-AUC): model 1 included overall motivation to eat, model 2 included fullness,
model 3 included satiety, model 4 included hunger, model 5 included PFC. GWG (kg), pVO2max
(ml/min/kg), lactation (daily duration of lactation episodes, min/d), fasting glucose (mg/dL), and
residual SleepEE (kcal/d) were included as covariates in all five models due to their potential

biological impact on PPWR.
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Multiple linear regression models were also used to describe associations between appetite
sensations (all expressed as 14h-AUC) and other metabolic characteristics. The dependent variable
for model 1 was the overall motivation to eat, for model 2 was fullness, for model 3 was satiety,
for model 4 was hunger, and for model 5 was PFC. Lactation (daily duration of lactation episodes,
min/d) was the independent variable; and FM (kg), FFM (kg), residual SleepEE (kcal/d), PAL,
and carbohydrate oxidation (g/d) were included as covariates in all five models, to control for their
potential biological effects on appetite.

Results from regression models are presented as S-coefficients (B) and standard error of
the coefficient (SE). All models were tested for statistical assumptions, including: 1) Independence
of residuals; 2) Linear relationship between the dependent variable and each of the independent
variables, and between the dependent variable and independent variables collectively; 3)
Homoscedasticity of residuals; 4) Co-linearity among independent variables; 5) Normal
distribution of the residuals; 6) Unusual data points (i.e., outliers, high leverage points, highly

influential points).

4.4 Results

4.4.1 Subject characteristics.

A total of 49 postpartum women were included in the analysis. Of these, 43 completed the
24-h test and six completed at least the pre-breakfast measurements (i.e., anthropometrics, fasting
blood sample, REE, three appetite sensations ratings), Figure 4.1. Five women did not complete
the 24-h test due to a recent minor surgery (n = 1), and anxiety over being away from their infant
(n = 4); however, they did complete a shortened version of the test including at least the pre-
breakfast measurements. One participant was unable to complete the 24-h test due to a migraine.
These six women did not differ from those who completed the 24-h test for the following measures:
maternal age, body weight, BMI, FM, FFM, measured REE (all p > 0.05).

Characteristics of study participants are shown in Table 4.1, with a more extensive
description previously reported (20, 21). Briefly, participants were primarily a group of Caucasian
women in their early 30s, with a high income, high educational level, and 53% were primiparous.
Average GWG was 15.09 £+ 5.12 kg, and the weight retained at 9M-PP was 2.14 + 6.10 kg. When

classified according to BMI, 24 women (49.0%) were normal weight, 13 (26.5%) were overweight,
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and 12 (24.5%) were obese. Twenty-eight women (57.1%) were lactating, and they nursed their
infants 7 + 3 times/d for 12 + 5 min/feed, with an average estimated breast milk energy output of
465 £ 198 kcal/d. Average measured SleepEE was 1475 + 204 kcal/d, and residual SleepEE was
1 + 83 kcal/d, with a wide variability (range: -170 to 188 kcal/d). Average measured TEE was
2028 £ 286 kcal/d, with 227 £+ 52 grams of carbohydrate being oxidized per 24h. All participants

had normal fasting glucose and no evidence of abnormal insulin resistance.

4.4.2 Postpartum weight retention and appetite.

Figure 4.2 depicts appetite sensations throughout the 24-h WBCU stay. Compared to low-
retainers, high-retainers were hungrier immediately after and one hour after breakfast (P=0.004,
and P =0.033, respectively), and immediately after dinner (P=0.016, Figure 4.2A). High-retainers
reported reduced PFC while fasting (1.5 hours before breakfast, P=0.048; and immediately before
breakfast, P=0.021), but greater immediately after breakfast (P=0.018, Figure 4.2B). High-
retainers also reported lower satiety sensations immediately after the evening snack (P=0.031,
Figure 4.2C); and lower sensations of fullness immediately after and one hour after breakfast
(P=0.011, and P=0.038, respectively), and immediately after lunch (P=0.036), and the evening
snack (P=0.029, Figure 4.2D), compared to low-retainers. Overall, high-retainers reported greater
overall motivation to eat than low-retainers immediately after and one hour after breakfast
(P=0.001, and P=0.027, respectively), and immediately after dinner (P=0.029, Figure 4.2E). The
3h-AUC for subjective appetite sensations for key periods of the day are shown in Figure 4.3. In
the morning, high-retainers were hungrier than low-retainers (Figure 4.3A), and reported reduced
sensations of fullness (Figure 4.3D) and greater motivation to eat (Figure 4.3E). No differences in
appetite sensations between low- and high-retainers were observed in other periods of the day, and
in the total daily response assessed over 14 hours (Figure 4.3, and Figure 4.4).

Results of univariate and multiple linear regression analyses for factors associated with
PPWR are shown in Table 4.2. In univariate analysis, GWG (R?=0.135), pVO.max (R>=0.116),
fasting glucose (R?=0.221), overall motivation to eat (R?=0.099), and fullness (R?=0.094) were
associated with PPWR. In all five multiple linear regression models, appetite sensations were
associated with PPWR, after adjusting for covariates. Overall motivation to eat, hunger, and PFC
were positively associated with PPWR, and the overall models explained 63.4%, 54.3%, and

55.8% of variance in PPWR, respectively. Fullness and satiety sensations were negatively

99



associated with PPWR, explaining 65.8%, and 61.1%, of variance in PPWR, respectively. PPWR
was positively associated with GWG and fasting glucose, and negatively associated with pVOmax
and residual SleepEE in all five models. Daily duration of lactation episodes was not associated

with PPWR in any model (Table 4.2).

4.4.3 Appetite sensations and other metabolic characteristics.

In univariate analysis, daily duration of lactation episodes (R?=0.114; R?=0.095; R?>=0.105,
respectively), and PAL (R?=0.148; R?=0.168; R?>=0.127, respectively) were associated with overall
motivation to eat, hunger, and PFC assessed over 14 hours. PAL was also associated with fullness
(R?=0.122), and carbohydrate oxidation was associated with fullness (R?>=0.129), and satiety
(R?=0.122), Supplemental Table 4.1.

Table 4.3 shows results of multiple linear regression analyses for metabolic characteristics
associated with appetite sensations. Lactation was associated with all five appetite sensations
assessed over 14 hours, after adjusting for covariates. Daily duration of lactation episodes was
positively associated with overall motivation to eat, hunger, and PFC, and negatively associated
with fullness and satiety. PAL was positively associated with overall motivation to eat, hunger,
and PFC, and negatively associated with fullness. Carbohydrate oxidation over 24 hours was
negatively associated fullness and satiety sensations, and positively associated with overall
motivation to eat. FM, FFM, and residual SleepEE were not significant predictors of any appetite

sensations.

4.5 Discussion

To our knowledge, this is the first study to comprehensively evaluate maternal differences
in appetite sensations throughout the day under conditions in which energy intake and energy
expenditure were precisely matched, along with measurements of daily duration of lactation
episodes and PPWR. The present data indicated that appetite sensations were associated with
PPWR, lactation, carbohydrate oxidation and PAL.

Variation in appetite sensations during the postpartum period may reflect possible
underlying biological factors influencing PPWR, which might contribute to the high variability in
body weight and composition after childbirth (3, 36). We determined that PPWR was negatively

associated with fullness and satiety, and positively associated with overall motivation to eat,
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hunger, and PFC. Similarly, in other populations, appetite has been shown to correlate with BMI
and body composition (37-39), and to predict weight change (12, 13, 37). In our study, high-
retainers were hungrier and had a greater overall motivation to eat after breakfast and dinner
compared to low-retainers. Similar results were observed in 315 men and women with obesity, in
which lower weight loss was associated with higher postprandial 1-h AUC for desire to eat and
lower postprandial 1-h AUC for fullness (12). Snoek and colleagues (40) also reported that after
an ad libitum lunch, individuals with obesity had a greater appetite for a meal or snack than normal-
weight individuals, suggesting a greater “wanting” for more food among individuals with obesity.
In free-living conditions, this could promote shorter frequency of food intake initiation between
meals.

The present study also demonstrated that PFC sensations were lower in high-retainers than
low-retainers during fasting conditions. Although further research is needed, one explanation
might be related to the downregulation of ghrelin in the postpartum period (41), as observed in
other populations (42, 43). Fasting ghrelin concentrations are inversely correlated with body
weight (41), and adiposity (44) in women at 4-5 weeks postpartum. This suggests ghrelin may
change with increased adiposity and may potentially impact body weight (41). In the postpartum
period, the evidence is limited on how and if appetite affects body weight regulation, as studies
have mainly focused on appetite-regulating or lactation-related hormones. Larson-Meyer and
colleagues (44) reported that although circulating concentrations of appetite-regulating hormones
were not predictive of PPWR, higher postprandial ghrelin was observed in women who retained
weight at one year postpartum.

Additionally, the present study determined that PPWR was positively correlated with
GWG and fasting glucose concentrations. GWG 1is a major risk factor for PPWR, with several
studies (45) demonstrating its direct association with the amount of weight retained after
pregnancy. The relationship between glucose regulation to changes in body weight was explored
by Ehrlich and colleagues (46) and found that women who lost weight from 6 weeks to 12 months
postpartum had lower fasting glucose and insulin at 12 months postpartum compared with those
who maintained or gained weight over time.

The present study also found an inverse correlation between PPWR and pVO>max, similar
to other studies (21, 47), suggesting an association between cardiorespiratory fitness and weight

status in the postpartum period. A negative association between PPWR and residual SleepEE was

101



also observed in this study, which is consistent with a recent study by Ostendorf and colleagues
(48) that found residual REE to be positively correlated with weight loss, but not with duration of
weight loss maintenance, suggesting that sustained weight loss may not always result in
disproportionately lower-than-predicted energy expenditure.

In addition to identifying a relationship between appetite and PPWR, we demonstrated that
lactation was associated with women’s perceptions of appetite throughout the day. Greater
duration of lactation episodes over 24 hours was associated with higher motivation to eat, hunger,
and PFC, and reduced sensations of fullness and satiety. Larson-Meyer and colleagues (44) also
used visual analogue scales to assess hunger, desire to eat, fullness and satiety sensations at
baseline and at 30, 60, 90, 120, and 150 minutes after a test meal, and at 20 and 60 minutes
following an ad libitum meal. They reported (44) appetite ratings and AUC for the four appetite
sensations were not different between lactating women and never-pregnant controls.

Several physiological mechanisms may explain the reported relationship between appetite
and lactation; however, future investigations are warranted. One mechanism is the glucostatic
theory proposed by Mayer (49), in which hunger is initiated by decline of blood glucose level.
Lactose is the most abundant carbohydrate in human milk and plasma glucose is the primary
precursor (50), increasing the glucose production rates by ~30% during lactation (51). Higher
glucose production rates may stimulate appetite to increase energy intake and thereafter blood
glucose levels. Another mechanism could lie in increasing glycogenolysis rates during lactation
(51). According to the glycogenostatic theory proposed by Flatt (52, 53), low glycogen stores
stimulate food intake to maintain or replenish glycogen stores. More recently, several studies have
included assessments of the appetite-regulating hormones, ghrelin, PYY and leptin and
demonstrated that lactation may be associated with higher ghrelin (54) and PYY (54, 55), and
lower leptin (56), although these results are inconsistent (41, 44). This association may suggest
that lactation-induced neuroendocrine signals increased energy intake to offset increased needs to
meet the energetic demands of lactation.

It is also possible that lactation-related hormones are directly involved in the regulation of
appetite control. Prolactin controls milk production in which physical suckling is the main stimulus
for its secretion (57). Although mechanisms are not clearly understood, prolactin might suppress
leptin during lactation (58), which in turn may reduce satiety signals, facilitating energy intake

(59). Animal studies have documented that changes in energy intake observed in lactating rats are
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driven not only by signals of increased energetic demands but also by physical suckling
stimulation, independent of milk delivery per se (15, 16). In this way, daily duration of lactation
episodes may impact appetite independently of breast milk energy output.

Other interesting findings of our study were the associations between appetite and
carbohydrate oxidation, and appetite and PAL. These relationships were not influenced by body
composition, and are consistent with the glycogenostatic theory of feeding (52, 53). Higher daily
carbohydrate oxidation and PAL may lead to a greater depletion of glycogen stores, thereby
stimulating appetite and prompting energy intake. In support of this concept, Pannacciulli and
colleagues (60), found that 24-h carbohydrate oxidation in a respiratory chamber predicted ad
libitum food intake over three days, explaining 15% of its variance. Additionally, our study found
that body composition and low/high metabolism do not appear to be associated with appetite in
postpartum women, unlike at other periods across the life course (7, 8).

The present study was well controlled and used rigorous and precise methodologies to
assess energy expenditure, body composition, cardiorespiratory fitness, and lactation patterns.
However, it is not without limitations. Given recruitment feasibility and the extensive time
commitment required for each study visit, the current study has a limited sample size, and a larger
group of women may have increased our ability to detect differences in other metabolic
characteristics. Additionally, our analysis had only one-time point for the 24-h test, and data are
incomplete for six participants. Finally, our study focused on subjective appetite sensations ratings
and did not measure appetite-regulating hormones (e.g., total and acylated ghrelin, PYY, GLP-1),
and lactation-related hormones (e.g., prolactin).

The results of this study support the hypothesis that daily duration of lactation, daily
carbohydrate oxidation and PAL are associated with appetite, which in turn is associated with body
weight during the postpartum period. Further well-controlled longitudinal studies, including
information on appetite-regulating and lactation-related hormones, would be of interest to
understand the causal relationships between changes in appetite, lactation patterns, and body

weight associated with child bearing.
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Table 4.1 Characteristics of women at nine months postpartum'.

Variables Mean = SD
General (n =49)
Age (y) 33+4
Prepregnancy BMI (kg/m?) 25.7+5.3
Gestational weight gain (kg)? 15.1+5.1
Anthropometrics and body composition (n = 49)
Body weight (kg) 73.6 £18.0
BMI (kg/m?) 26.5+5.8
Postpartum weight retention (kg)? 2.1+6.1
Fat mass (kg) 27.5+13.5
Fat mass index (kg/m?) 9.9+4.7
Fat-free mass (kg) 452 +53
Fat-free mass index (kg/m?) 163+1.9
Breastfeeding pattern (n = 28)
Number of breastfeeding episodes (times/d) 7+3
Duration of each episode (min/feed) 12£5
Average daily duration of breastfeeding (min/d) 88+ 63
Breast milk volume (g/d) 530 £225
Breast milk energy output (kcal/d) 465+ 198
Energy metabolism (n = 43)
Fasting RQ (n = 49) 0.822 £0.028
Sleep RQ 0.842 +£0.024
24h RQ 0.856 +0.020
Measured resting energy expenditure (kcal/d) (n = 49) 1531 + 224
Measured SleepEE (kcal/d) 1475 + 204
Residual SleepEE (kcal/d)* 1+83
Physical activity level 1.32+0.07
pVO2max (ml/kg/min) (n = 47) 351+£73
Total energy expenditure (kcal/d) 2028 + 286
Protein oxidation (g/d) 77+ 29
Carbohydrate oxidation (g/d) 227+ 52
Fat oxidation (g/d) 76 +24
Biochemical parameters (n = 47)
Glucose (mg/dL)

Fasting 79.1 £12.7

2h-Postprandial 73.4+ 124
Insulin (ulU/ml)

Fasting 44+24

2h-Postprandial 10.6 £10.2
Triglycerides (mg/dL)

Fasting 57.5+£24.8

2h-Postprandial 67.4+329
Free-fatty acids (umol/L)

Fasting 506.3 +223.7

2h-Postprandial 290.8 + 186.6
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HOMA-IR 0.85+0.56
'BMI, body mass index; HOMA-IR, homeostasis model assessment of insulin resistance;

pVO2max, predicted maximal volume of oxygen consumption; RQ, respiratory quotient; SleepEE,
sleep energy expenditure.

2Gestational weight gain was calculated as the difference between self-reported highest weight in
pregnancy and prepregnancy weight.

3Postpartum weight retention was calculated as the difference between current weight (measured
at the study visit) and self-reported prepregnancy weight.

*Residual SleepEE was calculated as the difference between measured and predicted SleepEE,
where predicted SleepEE was calculated from a linear regression-derived equation using fat mass
and fat-free mass as independent variables.
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Table 4.2 Multiple linear regression of factors associated with weight retention in postpartum women (n = 49)".

Univariate Model 1 Model 2 Model 3 Model 4 Model 5
analysis

Variable B + SE P B + SE P B+ SE P B + SE P B + SE P B + SE P
Intercept 3.66 + 0.60 -13.41+ 0.061 -16.66= 0.028

-20.69+ 0.004 3.19+ 0614 6.95 1 6.91 7.25

6.77 6.28

GWG 044+ 0.009 036+ 0.011 033+ 0.015 0.37 + 0.01 0.37 + 0.018 037+  0.018
(kg) 0.16 0.14 0.13 0.14 1 0.15 0.15
pVO:max -0.28+ 0.019 -031+ 0.002 -0.29+ 0.003 -0.30+  0.00 -0.30+ 0.008 -0.29+  0.008
(ml/min/kg) 0.12 0.09 0.09 0.10 4 0.11 0.10
Lactation duration 1.62+  0.241 0.52+ 0.626 0.66+  0.512 0.81 + 0.45 1.01 + 0.393 091+ 0434
(min/d x 10?) 1.37 1.06 1.00 1.06 0 1.17 1.15
Fasting glucose 023+ 0.001 018+ 0.003 020+  0.001 0.18 + 0.00 0.16 = 0.016 0.18+  0.006
(mg/dL) 0.06 0.06 0.05 0.06 3 0.06 0.06
Residual SleepEE -1.90+ 0.093 225+ 0.007 -2.68+ 0.001 244+ 0.00 -1.89 + 0.036 -191+ 0.031
(kcal/d x 1072) 1.10 0.78 0.76 0.80 5 0.86 0.85
CAS 025+ 0.039 034+ 0.001
(14h-AUC x 107) 0.12 0.09
Fullness -1.99+  0.046 297+  <0.001
(14h-AUC x 107) 0.97 0.72
Satiety -1.92+  0.078 275+ 0.00
(14h-AUC x 107) 1.06 0.81 2
Hunger 222+ 0.077 219+ 0.039
(14h-AUC x 107) 1.22 1.02
PFC 1.82+  0.109 2.19+ 0.021
(14h-AUC x 107) 1.11 0.91

'AUC, area under the curve; B, coefficient; CAS, composite appetite score; GWG, gestational weight gain; PFC, prospective food
consumption; pVO»max, predicted maximal volume of oxygen consumption; SE, standard error; SEE, standard error of the estimate; SleepEE,
sleep energy expenditure.

Model 1: F(6, 33) = 9.450, P < 0.001; R* = 0.632; SEE = 4.024.

Model 2: F(6, 33) = 10.710, P < 0.001; R> = 0.661; SEE = 3.865.

Model 3: F(6, 33) = 8.872, P < 0.001; R*=0.617; SEE = 4.105.

Model 4: F(6, 33) = 6.660, P < 0.001; R*> = 0.548; SEE = 4.462.

Model 5: F(6, 33) = 7.064, P < 0.001; R> = 0.562; SEE = 4.390.
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Table 4.3 Multiple linear regression of factors associated with appetite sensations in postpartum women (n = 49)’.

Model 1 Model 2 Model 3 Model 4 Model 5
CAS, 14h-AUC Fullness, 14h-AUC  Satiety, 14h-AUC  Hunger, 14h-AUC PFC, 14h-AUC

Variable B + SE P B £+ SE P B + SE P B + SE P B + SE P
Intercept -11603.57 £ 0.567 9926.11+ <0.001 8723.23+ 0.001 -2162.32+ 0305 -701.41+ 0.761

20060.48 2497.56 2413.71 2076.48 2292.90
Lactation 39.68 £ 0.015 -4.18 + 0.038 -3.83 + 0.048 3.56 0.033 422+ 0.023
duration (min/d) 15.56 1.94 1.87 1.61 1.78
Fat mass -114.74+  0.209 10.36 £ 0.360 948 + 0.386 -12.07+ 0.202 -13.73+  0.189
(kg) 89.72 11.17 10.80 9.29 10.26
Fat-free mass -81.57 0.742 8.69 + 0.778 0.80 + 0.979 -2.97 £ 0.908 -20.84+ 0.463
(kg) 246.06 30.63 29.61 25.47 28.12
Residual SleepEE 6.61 + 0.588 -2.10 £ 0.172 -1.51+ 0.307 -0.51 0.686 -0.48 + 0.730
(kcal/d) 12.08 1.50 1.45 1.25 1.38
Physical activity 3477252+  0.018 -3650.70+ 0.043 -2537.04+ 0.140 4040.46+ 0.008 3790.53+ 0.023
level 13973.51 1739.72 1681.31 1446.41 1597.16
Carbohydrate 51.82 + 0.033 -7.23 £ 0.018 -6.35 + 0.030 2.60 + 0.291 439+ 0.109
oxidation (g/d) 23.38 2.91 2.81 2.42 2.67

'AUC, area under the curve; B, coefficient; CAS, composite appetite score; PFC, prospective food consumption; SE, standard error;
SEE, standard error of the estimate; SleepEE, sleep energy expenditure.

Model 1: F(6, 36) = 3.445, P =0.009; R? = 0.365; SEE = 6523.454.

Model 2: F(6, 36) = 3.345, P=10.010; R = 0.358; SEE = 812.178.

Model 3: F(6, 36) = 2.508, P = 0.039; R? = 0.295; SEE = 784.911.

Model 4: F(6, 36) =2.677, P = 0.030; R? = 0.308; SEE = 675.250.

Model 5: F(6, 36) = 2.749, P = 0.027; R? = 0.314; SEE = 745.626.
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Figure 4.1 Study design. Forty-three women at approximately nine months postpartum (9.2 £ 0.3 months) were studied during 24
hours of whole body calorimetry at the Human Nutrition Research Unit, University of Alberta (Edmonton, Canada); and six women
were studied until at least after breakfast. Abbreviations: AS, afternoon snack; B, breakfast; D, dinner; ES, evening snack; E, exercise;
L, lunch; REE, resting energy expenditure.
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Figure 4.2 Appetite sensations over 14 hours of whole body calorimetry unit stay. (A) hunger,
(B) PFC, (C) satiety, (D) fullness, and (E) CAS in low-retainers (n = 38, solid circles, solid lines),
and high-retainers (n = 11, blank triangle, dashed lines) postpartum women. Data are expressed as
mean + SD. P values between low- and high-retainers were calculated from independent samples
t test or Mann-Whitney U test, as appropriate. Breakfast, lunch, afternoon snack, dinner, and
evening snack were provided at 0900h, 1200h, 1500h, 1800h, and 2100h, respectively.
Abbreviations: CAS, composite appetite score; PFC, prospective food consumption. *P < 0.05.
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Figure 4.3 Appetite sensations in key periods of the day comparing low-retainers (n = 38,
black bars) and high-retainers (n = 11, grey bars). (A) hunger, (B) PFC, (C) satiety, (D)
fullness, and (E) CAS. Key periods of the day (morning, early afternoon, late afternoon, and
evening) were calculated as 3h-AUC. Data are expressed as mean + SD. P values between low-
and high-retainers were calculated from independent samples ¢ test or Mann-Whitney U test (i.e.,
PFC, morning; and Fullness, early afternoon), as appropriate. Significant P values are shown in
the figure. Abbreviations: AUC, area under the curve; CAS, composite appetite score; PFC,
prospective food consumption.
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Figure 4.4 Total daily response of appetite sensations assessed over 14 hours comparing low-retainers (n = 38, black bars) and
high-retainers (n = 11, grey bars). (A) hunger, (B) PFC, (C) satiety, (D) fullness, and (E) CAS. Total daily response was calculated as
14h-AUC. Data are expressed as mean = SD. P values between low- and high-retainers were calculated from independent samples t test
or Mann-Whitney U test (i.e., PFC), as appropriate. There are no significant P values. Abbreviations: AUC, are under the curve; CAS,
composite appetite score; PFC, prospective food consumption.
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Supplemental Table 4.1. Univariate analysis of factors associated with appetite sensations in postpartum women (n = 49)".

CAS Fullness Satiety Hunger PFC

14h-AUC 14h-AUC 14h-AUC 14h-AUC 14h-AUC
Variable B £+ SE P B £+ SE P B £+ SE P B £+ SE P B £+ SE P
Fat mass -32.84 £ 0.710 -0.83 + 0.939 -1.42 + 0.888 -6.31 + 0.471 -9.14+  0.345
(kg) 87.75 10.88 10.04 8.66 9.56
Fat-free mass 72.26 £ 0.748 -18.87 0.497 -22.07+ 0.388 -0.90 + 0968 -12.14+ 0.623
(kg) 223.42 27.55 25.31 22.19 24.53
Residual SleepEE ~ 8.85+14.12 0.534 -234+1.72 0.181 -1.72 + 0.289 -0.31 + 0.828 -0.24+  0.877
(kcal/d) 1.60 1.41 1.56
Lactation 39.43 £ 0.027 -4.18+2.16 0.061 -3.79 + 0.065 3.57+ 0.045 4.16 = 0.034
(duration, min/d) 17.17 2.00 1.72 1.90
Physical activity 39769.58 +  0.011 -4460.88+ 0.022 -3284.04+ 0.070 4200.00+ 0.006 404991+ 0.019
level 14879.52 1871.32 1768.41 1458.98 1657.08
Carbohydrate 43.01 + 0.056 -6.50+2.64 0.018 -5.84 + 0.021 2.08 £ 0.360 2.65+ 0.291
oxidation (g/d) 21.83 2.44 2.24 2.48

'AUC, area under the curve; B, coefficient; CAS, composite appetite score; PFC, prospective food consumption; SE, standard error;
SleepEE, sleep energy expenditure.
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Chapter 5: The Use of Whole Body Calorimetry to Compare Measured versus Predicted

Energy Expenditure in Postpartum Women

5.1 Preface

Findings from previous chapters demonstrated that postpartum weight retention was highly
variable among the women enrolled in the PCAL study (Chapter 3), and multiple factors were
associated with postpartum body weight regulation (Chapters 3 and 4). These, collectively, suggest
that the postpartum period is a critical time for weight-management interventions, and that targeted
weight management strategies during this life period are needed. The development of personalized
recommendations to support appropriate weight management relies on accurate assessment of
energy needs. The study described in this chapter is the first to determine the accuracy of several
resting energy expenditure (REE) equations in women at three (n = 53) and nine (n = 49) months
postpartum, and to determine the accuracy of the current energy recommendation for women at
nine (n = 43) months postpartum. This chapter also investigates potential differences in equation
accuracy among postpartum women grouped by BMI-specific categories (normal weight,

overweight, or obese), or by lactation status (lactating, or nonlactating).

A version of this chapter has been published. Pereira LCR, Purcell SA, Elliott SA, McCargar LJ,
Bell RC, Robson PJ, Prado CM, the ENRICH Study Team. The use of whole body calorimetry to

compare measured versus predicted energy expenditure in postpartum women. The American

Journal of Clinical Nutrition 2019,;109:554-565, https://doi.org/10.1093/ajcn/ngy312.

LCRP, LIM, RCB, PJR, and CMP: designed the research; LCRP and SAE: conducted the research;
LCRP and SAP: analyzed the data and performed the statistical analysis; LCRP and SAP: wrote
the article; LCRP, LJM, and CMP: had primary responsibility for the final content; and all authors

read and approved the final manuscript.
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5.2 Introduction

Pregnancy and postpartum periods are characterized by major physiological changes,
including body weight alterations to support the developing fetus and accumulation of energy
stores in preparation for lactation (1, 2). Previous longitudinal studies have reported that up to 12
months postpartum, 50-80% of women retained between 1.3 and 5 kg of body weight gained
during pregnancy (3-5). Previous population-based research has shown that ~25% of women were
heavier by > 5 kg at the beginning of a subsequent pregnancy, and ~2% of women developed
obesity after starting a previous pregnancy with a normal body mass index (BMI) (6). Therefore,
postpartum weight retention can have adverse health outcomes including prepregnancy obesity in
subsequent pregnancies and future long-term obesity (7-9).

Given the potential impact of excessive weight retention after pregnancy, the childbearing
years are a critical time for weight-management interventions (10-12). The development of
personalized dietary recommendations relies on accurate assessment of energy expenditure in this
population. Predictive energy equations may be used for individualized nutritional counseling, to
assist women to achieve an optimal weight status through behaviour change (13).

Energy expenditure can be measured or predicted through the use of a variety of methods.
Indirect calorimetry measures oxygen consumption and carbon dioxide production and provides
an accurate determination of energy expenditure under controlled conditions (14). However, it is
expensive, time consuming, and requires trained personnel and rigorous adherence to standardized
testing conditions (15). As such, estimation of energy expenditure in clinical practice is often done
with the use of predictive equations.

Several predictive equations have been developed for distinct populations and
physiological conditions. However, to the best of our knowledge, only one cross-sectional study
(16) has investigated the accuracy of predictive equations for postpartum women and reported that
equations frequently overestimated resting energy expenditure (REE). Furthermore, there is little
published information describing the accuracy of total energy expenditure (TEE) calculations or
how REE (and the subsequent equation accuracy) might change throughout the postpartum period.

Given the current state of the literature and the importance of postpartum healthcare, it is
important to investigate the accuracy of predictive equations for this population. Thus, the present
study had the following objectives: 1) to compare REE measured by a state-of-the-art technique,
whole body calorimetry (WBC), with REE estimated from the use of 17 predictive equations at
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two postpartum time points (three and nine months); and 2) to compare TEE measured by WBC
with the estimated energy requirements (EER) through the use of the Dietary Reference Intakes
(DRI) equation (17) at nine months postpartum.

5.3 Methods

5.3.1 Study design and participants.

The Postpartum Calorimetry study was a longitudinal study assessing energy expenditure
in women at three and nine months postpartum. Participants were recruited between February 2014
and December 2015, and all measurements (REE and TEE [primary outcomes], anthropometry
and body composition) were performed at the Human Nutrition Research Unit, University of
Alberta. Women were > 18 years of age, had a singleton term pregnancy (37-42 weeks), and were
no more than three months postpartum at the time of enrollment. Inclusion criteria included no
significant health issues, chronic diseases, or food allergies, and absence of any
treatment/medication impacting energy metabolism. As this was an observational study, the
number of eligible women who completed the study at three and nine months postpartum
determined the sample size. A post-hoc power analysis is included in the Results Section. This
study was approved by the University of Alberta Health Research Ethics Board. All participants
provided informed consent prior to beginning any measurements. Age, ethnicity (Caucasian or

other), and lactation status (any breastfeeding yes/no) were reported.

5.3.2 Anthropometric and body composition measurements.

Anthropometrics and body composition were measured at three and nine months
postpartum. Body weight was measured to the nearest 0.1 kg (Health o meter® Professional digital
scale 752KL; Pelstar LLC; IL, USA), and height was measured to the nearest 0.1 cm (235
Heightronic digital stadiometer; Quick Medical; WA, USA). BMI was calculated as measured
weight (kg) divided by height (m?) and stratified as underweight (<18.5 kg/m?), normal weight
(18.5-24.9 kg/m?), overweight (25.0-29.9 kg/m?), or obese (>30 kg/m?) (18).

Body composition was measured using whole body dual-energy X-ray absorptiometry (GE

Medical Systems; WI, USA) and scans were analyzed with enCORE 9.20 software to generate
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estimates of fat mass (FM), lean soft tissue, and bone mineral content. Fat-free mass (FFM) was

calculated by adding lean soft tissue and bone mineral content values.

5.3.3 Breastfeeding patterns.

All participants were asked detailed questions about their past and current breastfeeding
practices at three and nine months postpartum. Nonlactating women were asked to report if they
had breastfed at all, and if so, when they had stopped. Lactating women were asked whether they
were exclusively breastfeeding, providing their infant with complementary milks or foods, or
actively weaning. They also completed a prospective 3-day breastfeeding diary that included a 24-
hour infant test weighing protocol (described below). In this diary, women recorded the number
of breastfeeding episodes and the duration of each episode for each day. This information was used
to calculate the average daily number of breastfeeding episodes (times/day), the average duration
of each episode (minutes/feed), and average daily total duration of breastfeeding (minutes/day).
Breast milk energy output (kcal/day) was estimated from breast milk volume production
(grams/day) using the 24-hour infant test weighing technique (19). This method involved recording
infants’ weights on an electronic baby scale (digital display; accuracy within 0.1 g and precision
of + 2.0 g; BabyWeigh II Scale, Medela; IL, USA) before and after each breastfeeding episode for
24 hours. Breast milk energy output was calculated according to the Food and Agriculture
Organization/World Health Organization/United Nations University (FAO/WHO/UNU) Human
Energy requirements report (20), with breast milk volume corrected for insensible water losses
(5%), assuming 1 g/mL breast milk, 0.67 kcal/g for energy content of breast milk, and an efficiency
of 80%.

5.3.4 Indirect calorimetry.

REE and TEE were measured by indirect calorimetry through the use of WBC, a technique
explained in detail elsewhere (21). The reliability of our WBC and its analytical systems was tested
in a previous study and has an average coefficient of variation of 2.2% for TEE (n = 10 healthy

participants assessed on two different occasions one day apart, unpublished data).

5.3.4.1 Resting energy expenditure

REE was measured for 60 minutes at three and nine months postpartum (REEwgc), and
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participants followed the same standardized protocol at both time points. The first 30 minutes were
considered an acclimatization period and were excluded from the analysis. Participants were
instructed to rest in a supine position, being awake but motionless, after fasting for > eight hours,
having refrained from exercise for 24 hours prior to the test, and avoided unnecessary activity on

the morning of testing. REE was expressed as kcal per 24-hour (kcal/day).

5.3.4.2 Total energy expenditure.

TEE was measured once for 24 hours at nine months postpartum (TEEwsc). All
participants followed the same standardized protocol within the WBC unit, which includes 60
minutes of REE, 35 minutes of exercise, eight hours of sleep, and the remaining time spent on
sedentary activities. TEE was adjusted for total urinary nitrogen losses (described below) through
the use of the complete Weir equation (22), and was expressed as kcal/day. A 24-hour pooled urine
sample was collected during the test day and total urinary nitrogen was measured in triplicate by
chemiluminescence (Shimadzu TOC-L CPH with ASI-L autosampler and TNM-L; Shimadzu
Corporation; JS, China; coefficient of variation <1%). For lactating women, TEEwsc and breast
milk energy output were summed to provide an overall estimate of energy requirements (ERwsc).
For nonlactating women, energy requirements were measured as TEEwgsc. To simplify the
reporting of results, measured energy requirements for nonlactating women were also identified

as ERwac, and in this case, breast milk energy output was zero.

5.3.5 Predictive equations.

5.3.5.1 Resting energy expenditure

REEwsc was compared with 17 REE predictive equations commonly used in clinical
practice or obtained by screening previous literature (17, 23-33). Three equations (24, 28, 31) were
based on body composition (FFM and FM) measured by dual-energy X-ray absorptiometry (Table
5.1).

5.3.5.2 Total energy expenditure.
ERwsc was compared with the current recommendation for energy requirements for
postpartum women (EERpr1) (17). EERpr; was calculated based on the EER for adult women and

used current age, weight, and physical activity coefficient with an addition of 400 kcal/day if
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lactating. The latter is recommended for lactating women after six months postpartum as an
estimate of breast milk energy output (17). Physical activity level (PAL) was estimated by dividing
TEEwsc by REEwsc. The average PAL for the entire cohort was 1.3, considered a sedentary
category (PAL > 1.0 < 1.4) and a physical activity coefficient of 1.0 was therefore used in the
EERDr1 (17). To explore the accuracy of the 400-kcal/day DRI recommendation for lactation, we
compared ERwsc to EERpr1 by replacing the 400 kcal/day with the women’s breast milk energy

output estimated from the 24-hour infant test weighing.

5.3.6 Statistical analysis.

Data were assessed with SPSS version 24 (IBM Corp.; NY, USA) and presented as mean
+ SDs where appropriate. The threshold for significance was set at p<0.05. Data were assessed in
the entire sample and subanalyses were completed by BMI-specific categories (normal weight,
overweight, or obese) or according to lactation status (lactating [any breastfeeding] or
nonlactating). Proportional bias was assessed with the use of Pearson correlation coefficients
(Pearson’s ) between bias and the mean of measured and predicted REE or TEE, to assess for
trends in the magnitude of bias with increasing REE or TEE. A Bonferroni correction was applied
to all analyses to account for multiple comparisons.

Group-level agreement between predicted and measured energy expenditure values was
assessed by Pearson’s 7, paired ¢ test, and bias (average difference between predicted and measured
energy expenditure values) from Bland-Altman analyses (34). The mean percentage bias was
calculated by dividing bias by measured REE or TEE and multiplied by 100.

Bland-Altman analyses were also used to assess accuracy at an individual level, based on
the limits of agreement (LOA). These values were calculated as bias + 2 SDs and were expressed
as a percentage of measured energy expenditure. Values that were closer together indicated that
two measurements agree better for each individual. The percentage of women with predicted
energy expenditure within 10% of measured was also used to describe individual-level accuracy.
A prediction between 90% and 110% of measured REE or TEE was considered accurate. A
prediction <90% of measured REE or TEE was classified as an underprediction, and a prediction
>110% of measured REE or TEE was classified as an overprediction (35). Differences in the
proportion of individual accuracy with either EERpr;1 (400 kcal/day for breast milk energy output)
or EERpri (replacing the 400 kcal/day with breast milk energy output estimated for each lactating
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woman from the 24-hour infant test weighing) were tested with McNemar test. The Pitman test
was used to compare difference in variance between the residual of measured and predicted
EERpr: based on 400 kcal/day for breast milk energy output and the residual of measured and
predicted EERpr: calculated from the breast milk energy output estimated for each lactating

woman from the 24-hour infant test weighing.

5.4 Results

Fifty-three postpartum women were enrolled in the study and 52 completed the three-
month postpartum assessment; one participant withdrew from the study due to time constraints.
Three were lost to follow-up (two due to subsequent pregnancy, and one moved away), with 49
women completing the nine-month postpartum assessment (follow-up time: 6.0 £+ 0.4 months). Of
these, 43 completed the 24-hour test at the nine-month time point, and the other six completed the
same measurements as collected at three months postpartum. The reasons for the six women not
completing the 24-hour test included anxiety over being away from their infant for > 24 hours (n
= 4), feeling sick during the test (n = 1), or having had a minor surgical procedure (n = 1),
Supplemental Figure 5.1. Women who did not complete the 24-hour test (n = 6) were not
different from those who completed (n = 43) in terms of the following measures: REEwgc, age,
weight, BMI, FM, and FFM (all P > 0.05). The sample size for TEE measures (n = 43) yielded a
post-hoc power of 0.89 with the use of a two-tailed paired ¢ test (effect size = 0.5, a = 0.05) to
assess the difference between ERwsc and EERpri.

Participant characteristics are presented in Table 5.2. Almost 90% (n = 46) of participants
were Caucasian. At the group level, a decrease of 0.8 + 1.4 kg/m? in BMI from three to nine months
postpartum was observed (P = 0.002), which included an ~7% decrease in FM (P < 0.001). At
three months postpartum, 21 (40.4%) women were classified with normal weight according to
their BMI, 17 (32.7%) with overweight, and 14 (26.9%) with obesity. At nine months postpartum,
24 (49%) women were normal weight, 13 (26.5%) women were with overweight, and 12 (24.5%)
women were with obesity. Most women (41/52, 78.8%) were lactating at three months postpartum,
whereas this number was lower at nine months postpartum (28/49, 57.1%). Of the 41 lactating
women at three months postpartum, 31 were exclusively breastfeeding and 10 were
complementing breastfeeding with other milk or infant formula. Overall, lactating women at three

months postpartum nursed their infants 9 £ 3 times/day (range: 3—15 times/day) for 16 £ 6
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minutes/feed (range: 7-30 minutes/feed), which equated to 149 + 71 minutes/day (range: 58—334
minutes/day). Mean breast milk volume produced was 771 + 261 g/day (range: 227-1417
grams/day), resulting in an estimated breast milk energy output of 678 £ 230 kcal/day (range: 200—
1246 kcal/day). At nine months postpartum, all lactating women were complementing
breastfeeding with solid foods, and of these, one was actively weaning her infant. They nursed
their infants 7 + 3 times/day (range: 2—15 times/day) for 12 = 5 minutes/feed (range: 5-21
minutes/feed), which equated to 88 + 63 minutes/day (range: 13—-309 minutes/day). Mean breast
milk volume produced was 530 + 225 g/day (range: 61-860 g/day), for a mean estimated breast
milk energy output of 465 + 198 kcal/day (range: 54—756 kcal/day). Women who were not
breastfeeding at three months postpartum had stopped a mean of 58 + 21 days (range: 30-92 days)
prior to the test day, and those who were not breastfeeding at nine months postpartum had stopped

157 + 88 days (range: 24-271 days) prior to the nine-month time point.

5.4.1 Resting energy expenditure.

REEwgc increased 48 + 108 kcal/day between three and nine months postpartum (P =
0.020, paired ¢ test; Table 5.2). All predicted REE values from equations were strongly correlated
to REEwsc at both time points (all Pearson’s »> 0.751, P < 0.001) (data not shown). Tables 5.3
and 5.4 show results of paired ¢ tests, Bland-Altman analyses, and the proportion of participants
with REE predicted within 10% of REEwsc at three and nine months postpartum, respectively. At
three months postpartum, six equations yielded REEs that were significantly different than
REEwsc, meaning that group-level agreement was inaccurate. At nine months postpartum, 10
equations were different than REEwsc, which included six equations that were different from those
identified at three months postpartum. Many equations performed well at a group-level (i.e. low
bias) at both time points. The best equation was the DRI at three months postpartum (-7 kcal, -
0.1%; absolute and percentage bias, respectively), and the Harris-Benedict at nine months
postpartum (-17 kcal, -0.5%). At an individual level, the FAO/WHO/UNU height and weight
equation performed the best at both time points. In fact, 100% of the REE predictions at three
months and 98% at nine months postpartum were within 10% of REEwsc. The FAO/WHO/UNU
height and weight equation also had the smallest LOA values at both time points. At three months
postpartum, six equations had negative proportional bias. At nine months postpartum, five

equations had negative and three had positive proportional bias (Supplemental Table 5.1).
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Overall patterns at a group level at three and nine months postpartum were similar when
participants were assessed by BMI-specific categories (Figures 5.1 and 5.2), or lactation status.
That is, equations that under or overpredicted REE at a group level for the entire cohort did so for
all BMI categories. However, increasing LOA were observed with increasing BMI categories. In
other words, the largest individual variation was observed in participants with obesity at both time
points. Additionally, in most cases, LOA were larger in nonlactating women than in lactating
women at both time points (data not shown). The FAO/WHO/UNU height and weight equation
was also the most accurate with the smallest individual variation for all BMI-specific categories
and lactation status at both time points. Equations that used body composition were not more

accurate at group or individual levels than equations that used anthropometric measurements.

5.4.2 Total energy expenditure.

The mean TEEwsc was 2028 + 286 kcal/day, and was not different between lactating and
nonlactating women (2000 + 223 compared with 2063 + 354 kcal/day, P = 0.480). The mean
ERwsc was 2281 + 371 kcal/day (range: 1550-2963 kcal/day). There was a significant correlation
between EERprr and ERwgc (Pearson’s r = 0.77, P < 0.0001). EERpri was lower than ERwgc by
36 kcal/day (percentage bias of -0.4%) on average for the entire cohort, although this was not
significant (P = 0.651). Mean bias (absolute and percentage, respectively) was larger in women
with overweight (-60 kcal/day, -2.2%) or obese (-60 kcal/day, -1.6%) compared with normal
weight (-9 kcal/day, 1.3%). For lactating women, the EERpri mean bias was -58 kcal/day
(percentage bias of -1.3%, P > 0.05) compared to ERwsc; for nonlactating women, the mean bias
was -9 kcal/day (percentage bias of 0.8%, P > 0.05). For lactating women, a positive proportional
bias was present (Pearson’s r = 0.885, P < 0.001) but was not present for nonlactating women
(Pearson’s r = 0.385, P = 0.207).

At an individual level, EERpr1 predicted TEE within 10% of ERwsc in 29 women and
over- or underpredicted ERwgc outside 10% in 33% of women (n = 5, 12%, overpredicted; n=9,
21% underpredicted). Substantial individual variability in the entire cohort and within each BMI
category was observed (Supplemental Figure 5.2). EERpr; inaccurately predicted ERwsc outside
10% in 42% of lactating women, whereas EERpr1 was similar (values within 10%) to ERwsc in
79% of nonlactating women. Individual variability was higher with larger LOA, in lactating

women compared with nonlactating women (Figure 5.3).
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Of the 43 women who completed the 24-hour test at nine months postpartum, 24 were still
breastfeeding but complementing it with solid food, and one of those was actively weaning her
infant. Overall, the breast milk volume produced was 516 + 238 g/day (range: 61-860 grams/day)
and breast milk energy output was 453 + 210 kcal/day (range: 54—756 kcal/day). When the DRI-
recommended 400 kcal/day for lactation was replaced by the breast milk energy output estimated
for each lactating woman from the 24-hour infant test weighing, the mean bias at a group level did
not improve (bias changed from -58 kcal/day [-1.3%] to -4 kcal/day [0.3%], P = 0.899). However,
the percentage of lactating women with predicted energy expenditure within 10% of measured
increased by almost 35% (n = 8; from 14/24 [58% of accurate predictions] to 22/24, [92% of
accurate predictions]; P =0.008), and the LOA were smaller (LOA changed from -593 to 477 to -
324 to 316). The Pitman test for difference in variance also showed higher variance for EERpri
based on 400 kcal/day for breast milk energy output compared with EERpr; based on breast milk
energy output estimated for each lactating woman from the 24-hour infant test weighing (P <
0.001). Proportional bias was not present when breast milk energy output estimated for each
lactating woman from the 24-hour infant test weighing replaced the DRI-recommended 400

kcal/day for lactating women (Pearson’s » = -0.224, P > 0.05).

5.5 Discussion

This study identified considerable variability in agreement between measured and
predicted energy expenditure, comparing group with individual assessments, postpartum period
time points, presence of obesity, and the addition of calories for lactation. To our knowledge, this
study is the first to assess measured, compared with predicted, energy expenditure in early and late
postpartum through the use of WBC and to assess the accuracy of the current energy
recommendations for contemporary women.

At a group level, the most accurate equation predicting REE in this group of women was
the DRI equation at three months postpartum and the Harris-Benedict equation at nine months
postpartum, although many equations performed well. A study by de Sousa et al (16) assessed the
accuracy of REE predictive equations in 79 women who were 1-10 days postpartum and
demonstrated that, overall, equations significantly overpredicted REE. In that study (16), the
Harris-Benedict equation best predicted REE at a group level but only ~18% of estimates
accurately predicted REE at an individual level; the DRI equation had the highest mean bias.

130



Differences between these observations and our own may be related to physiological changes in
the immediate postpartum period, including fluid shifts, labor, delivery, and breastfeeding
initiation. In our study, the FAO/WHO/UNU height and weight equation had the highest level of
accuracy at an individual level at both time points, and therefore this may be the best equation for
predicting REE of postpartum women in clinical practice. Other studies (16, 36) also described
this equation as one of the best performing for estimating REE at an individual level.

REE prediction error and individual accuracy were not improved with the inclusion of body
composition variables, contrary to expected patterns, because FFM is a major determinant of REE
(37). FFM is comprised of tissues and organs with different metabolic rates, ranging from 13
kcal/kg for skeletal muscle to 440 kcal/kg for heart and kidneys (38). Thus, small differences in
organ size can significantly affect REE, which might not be captured when FFM and FM are used
in predictive equations.

Regarding our analysis stratified by BMI categories, at an individual level, equations were
generally more accurate in women who were normal weight compared with those with overweight
or obesity. Most equations were developed from populations predominantly without obesity (17,
24-27, 29, 30, 32, 33). However, a similar pattern was observed for equations derived from
individuals with obesity or with BMI-specific equations (23, 28, 31). The etiology of obesity is
complex and multifactorial (39), and as such, different factors may alter energy expenditure and
contribute to high individual variability. The Academy of Nutrition and Dietetics (40) recommends
the use of the Mifflin-St. Jeor equation for estimating REE in adults with overweight or obesity
when indirect calorimetry is not available. However, our findings suggested that this equation
produces high individual variability and was not more accurate than the FAO/WHO/UNU height
and weight equation for estimating REE in postpartum women with overweight or obesity.

It 1s noteworthy that nonlactating women presented with larger individual variability in
REE compared with lactating women. Stuebe and Rich-Edwards (41) explored the role of lactation
in resetting maternal metabolism and suggested that lactation is associated with favorable changes
that persist after weaning. The wide range in time elapsed after weaning may contribute to larger
REE LOA in nonlactating women in this study, as lactation may still be affecting women’s
metabolism.

This study also examined the accuracy of the current DRI recommendation for total energy

requirements (17) compared with ERwac as the reference method. It is important to note that the
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WBC technique is not entirely representative of free-living conditions due to the confined space
of the chamber and therefore the physical activity coefficient may not be representative of daily
life. Additionally, the milk supply-demand cycle of infant feeding may differ compared with the
pumping of breast milk inside the WBC unit. However, in clinical practice, the physical activity
coefficient used in the EERpr1 can be adjusted according to the level of physical activity reported
by each woman. An important strength of the WBC is that it is an accurate technique conducted
within a strictly controlled environment and therefore is the true energy expenditure for a
sedentary, structured day (42).

The EERpr: for lactating women after six months postpartum recommends adding 400
kcal/day to account for breast milk energy output (17). Our findings suggested that including this
amount of additional calories to all women leads to inaccurate predictions in approximately one-
third of women. In fact, EERpr1 overpredicted ERwgc by up to almost 450 kcal and underpredicted
ERwsc by more than 500 kcal in some individuals. Replacing the single 400-kcal/day
recommendation with the amount of breast milk energy output estimated for each woman through
the use of the infant weighing technique improved individual level accuracy of the EERpr1 by
~35%. The LOA were smaller, and an accurate prediction was observed in 92% of lactating
women. This suggests that including information about a woman’s individual breast milk energy
output improves the estimation of energy requirements. Individual breast milk output is not
routinely assessed for estimating energy requirements but could have important implications for
promoting appropriate weights in postpartum women. Future studies could work toward easier
ways to capture this information, such as through the use of breastfeeding diaries at different times
in the postpartum period or as weaning progresses. Another approach could be to operationalize
definitions of full and partial breastfeeding as proposed by the WHO (43) and the Interagency
Group for Action on Breastfeeding (44) and to link these categories to estimates of breast milk
energy output, and subsequently to energy requirements.

Our findings also indicated that lactating women at nine months postpartum have a TEE
that is similar to that of nonlactating women. Our recent case report (45) highlighted that energy
expenditure returned to prepregnancy values by nine months postpartum despite additional energy
costs of breast milk synthesis, suggesting that adaptations in energy metabolism may occur
throughout the postpartum period. Other studies have shown that REE was not affected by lactation
(46-48).
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Overall, data presented here suggested that the DRI energy recommendations, especially
for lactating women, may lead to inaccurate prediction of energy requirements. This may be
explained by the highly variable contribution of lactation to energy requirements at nine months
postpartum. Adding the standard 400 kcal/day for breast milk energy output after six months
postpartum increased inaccuracy rates, highlighting the need for more specific recommendations.

There are important limitations to this study that should be considered when interpreting
the results. Although our study had a sample size that was similar to or greater than others that use
comparable methods, it is still relatively restricted. This is somewhat offset by the fact that the
WBC is a very precise method. Participants in this study were also mainly Caucasian, free of any
underlying metabolic disorder, and in their early 30s. This could limit the generalizability of our
findings.

In conclusion, many predictive equations were accurate for group assessment of REE in
this group of postpartum women. The FAO/WHO/UNU height and weight equation had the
highest individual level of accuracy for REE. EERpr; performed well at a group level; however, it
was not an accurate predictor of ERwgc at an individual level, with wide individual variability, and
high rates of inaccuracy. Additional studies are needed to understand the physiology driving
energy expenditure, and the contribution of lactation to total energy requirements in the postpartum
period, both short and long term. Understanding these physiological changes will assist in better
predicting energy expenditure, ultimately supporting appropriate diet- and weight-management

interventions in this population.
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Table 5.1 Equations used to predict resting and total energy expenditure'

Equation (number and name)

Formula

Original population: number of subjects,
sex, age range or mean, weight status or
BMI range or mean; body composition

method when applicable

Resting energy expenditure
(1) Bernstein (23)

(2) Cunningham, BC (24)
(3) DRI (17)
(4) FAO/WHO/UNU, weight (25)

(5) FAO/WHO/UNU, height and
weight (25)

(6) Harris-Benedict (26)

(7) Henry, weight (27)

(8) Henry, height and weight (27)
(9) Lazzer, height and weight? (28)
(10) Lazzer, BC? (28)

(11) Livingston (29)

(12) Mifflin-St Jeor (30)

748 x W —0.042 xH-3 x A+ 844

(21.6 x FEM) + 370
247 -2.67x A+401.5x H+8.6 x W

Age 18-30: 14.7 x W + 496

Age 30-60: 8.7 x W + 829

Age 18-30: 13.3 x W + 334 x H +35
Age 30-60: 8.7 x W —25 x H+ 865

655 + (9.563 x W) + (1.85 x H) — (4.676 x A)

Age 18-30: 13.1 x W + 558

Age 31-60: 9.7 x W + 694

Age 18-30: 10.4 x W + 615 x H— 282
Age 31-60: 8.18 x W+ 502 x H-11.6
0.042 x W +3.619 x H-2.678

0.067 x FFM + 0.046 x FM + 1.568
248 x W36 _ (5.9 x A)

(10 x W) + (6.25 x H) — (5 x A) — 161

n=202 (48 M, 154 F); age 39.4 + 12.0
years; BMI + 37 kg/m? (obese subjects);
mean body weight (entire sample) 103.4 +
26.0 kg (60-2014 kg)

n =223 (120M, 103 F); body weight not
reported; BIA

n=407 (169 M, 238 F), age 20-96 years;
BMI 18.5 to > 25 kg/m?

n~ 11,000 (M, F, and children); age
variable; equations based on Schofield but
extended to greater number of subjects
from several countries (large number of
Italian participants)

n =239 (136 M, 103 F); age 29 + 14
years; body weight not reported but
predominantly normal weight

n=10,552 (5974 M, 4702 F) from 166
separate investigations — excluding all
Italians and included more from tropical
regions

n =182 F; age 19—60 years; BMI 45.6
kg/m?; BIA

n =655 (299 M, 356 F), age 18-95 years;
body weight 33-278 kg

n =498 (251 M, 248 F); age 19-78 years;
264 normal weight and 234 obese; BMI
17-42 kg/m?

134



(13) Muller, weight? (31) BMI >18.5 to 25 kg/m?: 0.02219 x W +0.02118  n = 2528, high prevalence of overweight

xH+0.884 x S—0.01191 x A+ 1.233 and obesity; n = 1046 (388 M, 658 F) for
BMI >25 to <30 kg/m?: 0.04507 x W +1.006 x  equation creation; age 44.2 + 17.3 years;
S —0.01553 x A +3.407 BMI 27.1 + 7.7 kg/m?; BIA or skinfolds
BMI >30 kg/m?: 0.05 x W +1.103 x S —0.01586
x A+2924

(14) Muller, BC? (31) BMI >18.5 to 25 kg/m?: 0.0455 x FFM + 0.0278

xFM + 0.879 x S—0.01291 x A + 3.634

BMI >25 to <30 kg/m?*: 0.03776 x FFM +

0.03013 x FM +0.93 x S—0.01196 x A +3.928

BMI >30 kg/m?: 0.05685 x FFM + 0.04022 x FM

+0.808 x S—0.01402 x A +2.818

(15) Owen (32) 795+ (7.18 x W) n = 44 healthy lean and obese F, age 18—

82 years; BMI 27.8 + 8.6 kg/m?;
underwater weighing

(16) Schofield, weight? (33) Age 18-30: 0.062 x W + 2.036 n=4814;>18 years; BMI 21-24 kg/m?;
Age 30-60: 0.034 x W + 3.538 European, North American, and tropical

(17) Schofield, height and weight>  Age 18-30: 0.057 x W + 1.184 x H + 0.411 countries

(33) Age 30-60: 0.034 x W + 0.006 x H + 3.530

Total energy expenditure
Estimated energy requirements 354 -(6.91 x A)+ PA x (9.36 x W)+ (726 x H) n =407 (169 M, 238 F), mostly
DRIs® (17) Caucasian, healthy
n =12 lactating F, age 21-36 years to
derive + 400 kcal after 6 months

'A, age (years); BC, body composition; BIA, bioelectrical impedance analysis; BMI, body mass index; DRI, Dietary Reference Intake;
F, female; FAO/WHO/UNU, Food and Agricultural Organization/World Health Organization/United Nations University; FM, fat mass
(kg); FFM, fat-free mass (kg); H, height (cm or m where appropriate); M, male; PA, physical activity coefficient, set at 1.0; REE, resting
energy expenditure; S, sex, female = 0; TEE, total energy expenditure; W, weight (kg).

’Resting energy expenditure was calculated as MJ/day and then converted to kcal/day.

SEERpr1 was calculated with 400kcal/day added to lactating women.
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Table 5.2 Participant characteristics at three and nine months postpartum’

Three months Nine months p-value
(n=52) (n =49 with REE; n = 43 with TEE)

Age, years 32+4 33+4 <0.001
BMI, kg/m? 273+5.6 26.5+5.8 0.002
Fat mass, kg 295+ 122 27.5+13.5 <0.001
Fat-free mass, kg 448 +5.1 452 +53 0.545
REEwac, 2 kcal/day 1483 =194 1531 £222 0.020
TEEwsc, 2 kcal/day — 2028 + 286 —
ERwac, * kcal/day — 2281 + 371 —
EERDr1, * keal/day - 2245 + 256 —

"Values are means = SDs. P values were calculated from paired ¢ tests (n = 49), and Bonferroni
corrections were applied to account for multiple comparisons. BMI, body mass index; EERpri,
estimated energy requirement/Dietary Reference Intake; ERwgc, energy requirement measured by
whole body calorimetry; REE, resting energy expenditure; REEwgc, measured REE; TEE, total
energy expenditure; TEEwsc, measured TEE; WBC, whole body calorimetry.

2Measured by WBC.

3Defined as the sum of TEEwsc and breast milk energy output estimated from the 24-hour infant
test weighing for lactating women and as TEEwgc for nonlactating women.

“Estimated by the DRI equation for adult women (> 19 years older) based on current age, weight,
and physical activity coefficient plus 400 kcal/day for milk energy output if lactating (17).
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Table 5.3 Agreement between measured and predicted resting energy expenditure at three months postpartum (n = 52)!

Predicted
REE Predicted
Equation (mean + \& Limits of Accurate

number and name (ref.) SD) measured’ Bias® agreement* predictions’ Underpredictions® Overpredictions’

kcal/day P value % % % % %
REEwsc® 1483 + 194 - - - - - —
1. Bernstein (23) 1241 £ 122 <0.001 -15.9  -27.1,-4.7 13 87 0
2. Cunningham, BC 1339 £ 111 <0.001 9.0 -239,59 54 46 0
(24)
3. DRI(17) 1476 £ 151 >0.05 0.1 -13.9,14.0 85 9 6
4. FAO/WHO/UNU, 1515+ 196 0.509 24 -10.7,15.6 83 4 13
weight (25)
5. FAO/WHO/UNU, 1507 £ 185 >0.05 1.0 -5.6,7.5 100 0 0
height and weight (25)
6. Harris-Benedict (26) 1533 £ 160 0.023 3.8 -10.2,17.7 73 4 23
7. Henry, weight (27) 1461 £ 191 >0.05 -1.3 -14.3,11.8 87 9 4
8. Henry, height and 1463 + 166 >0.05 -0.9  -14.5,12.7 87 9 4
weight (27)
9. Lazzer, height and 1555+ 191 0.002 5.2 -11.3,21.8 67 2 31
weight’ (28)
10. Lazzer, BC® (28) 1417 £ 190 <0.001 -4.3 -17.2, 8.6 77 23 0
11. Livingston (29) 1457 + 147 >0.05 -1.3 -14.6,11.9 85 11 4
12. Mifflin-St Jeor (30) 1471 £ 180 >0.05 -0.6  -15.4,143 81 12 8
13. Muller, weight’ 1507 £ 178 >0.05 1.9 -11.9,15.7 85 11 4

(€29)
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14. Muller, BC® (31) 1473 £ 148 >0.05 -0.2  -13.1, 12.6 87 9 4

15. Owen (32) 1336 £ 118 <0.001 9.3 -21.7,3.0 58 42 0
16. Schofield, weight’ 1498 + 196 >0.05 1.3 -12.2,14.8 81 8 11
(33)

17. Schofield, height 1495 + 187 >0.05 1.1 -12.2, 145 83 8 9

and weight’ (33)
'BC, body composition; DRI, Dietary Reference Intake; FAO/WHO/UNU, Food and Agricultural Organization/World Health
Organization/United Nations University; REE, resting energy expenditure; REEwsc, measured REE; WBC, whole body calorimetry.
2Paired ¢ tests. Bonferroni corrections were applied to account for multiple comparisons.
3Mean percent error between predicted and measured REE from Bland-Altman analyses.
“Bland-Altman analyses.
SPercentage of women with REE predicted between 90% and 110% of REEwsc.
SPercentage of women with REE predicted by <90% of REEwasc.
"Percentage of women with REE predicted by >110% of REEwsc.
$Measured by WBC.
REE was calculated as MJ/day and then converted to kcal/day.
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Table 5.4 Agreement between measured and predicted resting energy expenditure at nine months postpartum (n = 49)!

Predicted Limits of
Equation REE Predicted vs Bias agreement Accurate Overprediction

number and name (ref.) (mean+ SD)  measured? 3 4 predictions’  Underpredictions® s’

kcal/day P value % % % % %
REEwsc® 1531 £222 — — — — — -
1. Bernstein (23) 1226 + 134 <0.001 - -32.6, -6.0 8 92 0

19.3

2. Cunningham, BC 1346 =114 <0.001 - -26.9,4.4 45 55 0
(24) 11.2
3. DRI(17) 1462 + 165 0.015 -3.8 -19.6,11.9 71 25 4
4. FAO/WHO/UNU, 1496 + 207 >0.05 -1.8  -18.7,15.1 74 16 10
weight (25)
5. FAO/WHO/UNU, 1489 + 197 0.812 -1.1 95,73 98 2 0
height and weight (25)
6. Harris-Benedict (26) 1514+ 176 >0.05 -0.5 -16.8,15.9 76 14 10
7. Henry, weight (27) 1430 + 199 <0.001 -6.1 -22.9,10.6 63 35 2
8. Henry, height and 1441 £176 0.001 -53 -21.5,11.0 71 27 2
weight (27)
9. Lazzer, height and 1541 + 206 >0.05 1.2 -16.5,18.8 80 10 10
weight’ (28)
10. Lazzer, BC® (28) 1400 + 206 <0.001 -8.2  -23.3,6.8 53 45 2
11. Livingston (29) 1436 + 161 <0.001 5.6 -21.0,9.9 67 29 4
12. Mifflin-St Jeor (30) 1452 + 197 0.005 47 -21.2,11.9 65 27 8
13. Muller, weight’ 1493 + 193 >0.05 -1.9  -18.5,14.6 76 16 8

GD
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14. Muller, BC® (31) 1459 £ 163 0.008 -4.0 -19.1,11.2 69 27 4

15. Owen (32) 1324 £ 129 <0.001 - -27.1, 1.5 35 65 0
12.8

16. Schofield, weight’ 1467 + 194 0.098 -3.6  -21.1,13.9 67 25 8

(33)

17. Schofield, height 1474 + 197 0.186 -3.1 -20.1,13.9 72 20 8

and weight’ (33)
IBC, body composition; DRI, Dietary Reference Intake; FAO/WHO/UNU, Food and Agricultural Organization/World Health
Organization/United Nations University; REE, resting energy expenditure; REEwsc, measured REE; WBC, whole body calorimetry.
*Paired ¢ tests. Bonferroni corrections were applied to account for multiple comparisons.
3Mean percent error between predicted and measured REE from Bland-Altman analyses.
“Bland-Altman analyses.
SPercentage of women with REE predicted between 90% and 110% of REEwsc.
®Percentage of women with REE predicted by <90% of REEwsc.
"Percentage of women with REE predicted by >110% of REEwac.
$Measured by WBC.
REE was calculated as MJ/day and then converted to kcal/day.
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Figure 5.1 Percentage bias and limits of agreement for predicted resting energy expenditure
at three months postpartum in normal-weight postpartum women (n = 21) (A), postpartum
women with overweight (n = 17) (B), and postpartum women with obesity (» = 14) (C). Each
grey dot represents the equation percentage bias (mean percentage difference between predicted
and measured), whiskers are the percentage limits of agreement for each equation, and the black
line represents the measured REE value (percentage bias and limits of agreement are from Bland-
Altman analyses). Numbers represent the following equations: /) Bernstein; 2) Cunningham (body
composition); 3) DRI; 4) FAO/WHO/UNU (weight); 5) FAO/WHO/UNU (height and weight); 6)
Harris-Benedict; 7) Henry (weight); 8§) Henry (height and weight); 9) Lazzer (height and weight);
10) Lazzer (body composition); //) Livingston; /2) Mifflin-St Jeor; /3) Muller (weight); /4)
Muller (body composition); /5) Owen (weight); /6) Schofield (weight); /7) Schofield (height and
height). DRI, Dietary Reference Intake; FAO/WHO/UNU, Food and Agriculture
Organization/World Health Organization/United Nations University; REE, resting energy
expenditure.
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Figure 5.2 Percentage bias and limits of agreement for predicted resting energy expenditure
at nine months postpartum in normal-weight postpartum women (n = 24) (A), postpartum
women with overweight (n = 13) (B), and postpartum women with obesity (» = 12) (C). Each
grey dot represents the equation percentage bias (mean percentage difference between predicted
and measured), whiskers are the percentage limits of agreement for each equation, and the black
line represents the measured REE value (percentage bias and limits of agreement are from Bland-
Altman analyses). Numbers represent the following equations: /) Bernstein; 2) Cunningham (body
composition); 3) DRI; 4) FAO/WHO/UNU (weight); 5) FAO/WHO/UNU (height and weight); 6)
Harris-Benedict; 7) Henry (weight); 8§) Henry (height and weight); 9) Lazzer (height and weight);
10) Lazzer (body composition); //) Livingston; /2) Mifflin-St Jeor; /3) Muller (weight); /4)
Muller (body composition); /5) Owen (weight); /6) Schofield (weight); /7) Schofield (height and
height). DRI, Dietary Reference Intake; FAO/WHO/UNU, Food and Agriculture
Organization/World Health Organization/United Nations University; REE, resting energy
expenditure.
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Figure 5.3 Energy requirements measured by whole body calorimetry (ERwsc) compared
with estimated energy requirements (EERbpri) in lactating (» = 24) (A) and nonlactating (n =
19) (B) women. Each point is an individual subject. All subjects have two values; some values
overlap. DRI, Dietary Reference Intake; WBC, whole body calorimetry.
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Supplemental Table 5.1 Proportional bias for resting energy expenditure at three and nine
months postpartum'

Three months Nine months
postpartum (n=52) postpartum (n=49)

Equation, number and name (ref.) r p r P

1. Bernstein (23) -0.669 <0.001 -0.646 <0.001
2. Cunningham, BC (24) -0.669 <0.001 -0.748 <0.001
3. DRI(17) -0.410 0.043 -0.438 0.028
4. FAO/WHO/UNU, weight (25) 0.020 >0.05 -0.103 >0.05
5. FAO/WHO/UNU, height and weight (25) -0.088 >0.05 -0.178 >0.05
6. Harris-Benedict (26) -0.330 0.284 -0.350 0.232
7. Henry, weight (27) -0.030 >0.05 -0.165 >0.05
8. Henry, height and weight (27) -0.272 0.874 -0.340 0.286
9. Lazzer, height and weight’ (28) -0.026 >0.05 -0.113 >0.05
10. Lazzer, BC® (28) -0.036 >0.05 -0.125 >0.05
11. Livingston (29) -0.455 0.012 -0.464 0.013
12. Mifflin-St Jeor (30) -0.125 >0.05 -0.184 >0.05
13. Muller, weight’ (31) -0.152 >0.05 -0.219 >0.05
14. Muller, BC® (31) -0.469 0.008 -0.469 0.012
15. Owen (32) -0.691 <0.001 0.914 <0.001
16. Schofield, weight’ (33) 0.024 >0.05 0.920 <0.001
17. Schofield, height and weight’ (33) -0.070 >(0.05 0.928 <0.001

'P-values were calculated from Pearson correlation coefficients. Bonferroni corrections were
applied to account for multiple comparisons. Proportional bias was assessed using correlation
between the mean of measured and predicted resting energy expenditure and bias. Bolded values
are significant. BC: body composition; FAO/WHO/UNU: Food and Agricultural
Organization/World Health Organization/United Nations University.
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Supplemental Figure 5.1 Flowchart of the Postpartum Calorimetry study.

147




0% _'_
-5%

Percent difference between EER [y,
and ERypc
(9]
X
» > »»»I»» » > >
I I | +I [

o
L
|
H
s
!

e All A Normal weight ® Overweight Obese
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by BMI category. Each point is a participant and the short black line is the mean percent difference
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Chapter 6: General Discussion and Conclusion

6.1 Introduction

The postpartum period is characterized by important physiological changes that may affect
weight regulation and consequently impact the risk of future long-term obesity in women. This
thesis evaluated a cohort of women in Edmonton, Alberta, Canada at three (» = 53) and nine
months postpartum (n = 49) who participated in a comprehensive suite of measurements related to
body weight, energy metabolism, and appetite.

In Chapter 3, the cohort was stratified based on the amount of weight retained at nine
months postpartum compared to prepregnancy weight to test the hypothesis that high-retainers
(those retaining > 4.8 kg; n = 11) would present with a less favorable energy metabolism profile
(i.e., lower rates of energy expenditure) compared to low-retainers (those retaining < 4.8 kg, n =
38). Using a longitudinal design, it was also hypothesized that resting energy expenditure (REE)
would decrease over time in high-retainers, and it would not change in low-retainers. We
demonstrated that REE, total energy expenditure (TEE), and predicted maximum oxygen
consumption (pVO2 max) were lower in high-retainers than low-retainers, and that these variables
were negatively associated with postpartum weight retention (PPWR). An increase in REE from
early (three months) to late (nine months) postpartum was observed in low-retainers, which was
greater than predicted by changes in body composition. No difference between measured and
predicted REE was observed in high-retainers.

In Chapter 4, it was hypothesized that metabolic variables such as energy metabolism,
body composition, and lactation patterns would be associated with appetite sensations (i.e., hunger,
prospective food consumption [PFC], fullness, satiety, and overall motivation to eat [i.e.,
composite appetite score, CAS]) at nine months postpartum. Appetite sensations, in turn, would
be associated with PPWR. Daily carbohydrate oxidation, physical activity level (PAL), and daily
duration of lactation episodes, but not body composition or low or high metabolism, were
associated with appetite in the postpartum women enrolled in our study. Women’s perceptions of
appetite were associated with postpartum body weight.

In Chapter S, it was hypothesized that 1) REE and TEE prediction equations would not be
accurate at both group and individual levels, and 2) REE and TEE equations bias and limits of

agreement would be poorer in women with obesity and in lactating women. In the cohort of women
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enrolled in our study, we demonstrated that several REE predictive equations had bias within +
10% error, contrary to the hypotheses, whereas limits of agreement were wider for women with
obesity and nonlactating women. TEE prediction equations performed well at a group level, but
we observed wide individual variability and high rates of inaccuracy, especially for lactating
women. Taking into account individual lactation patterns improved the accuracy of these
equations.

Altogether, these findings contribute to the body of literature pertaining to energy
metabolism in the postpartum period, and they collectively demonstrate that postpartum women
have individual weight management needs. Little is understood about the complex interactions
among energy metabolism, appetite, lactation pattern, and body weight and composition. The
studies presented in this thesis aid in identifying needs, gaps, and opportunities in the current
postpartum research field. Addressing these limitations can advance the care that women receive
in weight management support during this life stage. The following sections discuss the
implications and limitations of key findings in Chapters 3, 4, and 5. Furthermore, suggestions for

future research are provided.

6.2 Postpartum Body Weight Variability and Retention

Chapter 3 explored body weight during early and late postpartum in a cohort of women.
Although the median PPWR was not substantial at three and nine months postpartum, a high inter-
individual variability was observed at both time points. For example, approximately 22% of
women retained more than 4.8 kg at nine months postpartum compared to prepregnancy weight.
A wide intra-individual variability was also observed with some participants losing ~10 kg and
others gaining ~13 kg of body weight between three and nine months postpartum.

The variability in body weight changes during the postpartum period observed in our study
is consistent with previous studies (1-7), and it highlights that some women may be at increased
risk of retaining substantial amounts of weight following childbirth. Thus, pregnancy-related
weight gain and weight retention after childbirth, along with any additional gain of weight in the
postpartum period, may put some women at risk of obesity over the long term (1, 8, 9). Often after
pregnancy, women are in the pre-conception period for the next gestation, suggesting that the
postpartum period may be an opportune time of transition to reset metabolism. This reset is

important because excessive PPWR negatively impacts maternal and child outcomes in a future
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pregnancy (10, 11). Since maternal body weight is an important indicator of maternal health and a
predictor of offspring body weight (12), maternal body weight has the potential to influence the
risk of obesity in future generations (i.e., Barker hypothesis) (13). Given the high variability in
body weight after childbirth and the adverse risk of substantial amounts of weight retained in the
postpartum period, it is imperative to assess and anticipate factors that may influence body weight

regulation during early and late postpartum periods.

6.3 Determinants of Postpartum Weight Retention

According to the energy balance concept, changes in body weight are the result of
imbalances between energy intake and energy expenditure as the body maintains life and performs
physical activity. Thus, understanding energy expenditure is essential for investigating potential
factors influencing the regulation of body weight (14, 15). Studies assessing the impact of energy
expenditure on body weight regulation are limited; most postpartum research has focused on
metabolic adaptations to lactation (16-25).

Chapter 3 provided an in-depth profile of key components of energy expenditure (e.g. REE,
sleep energy expenditure [SleepEE], exercise energy expenditure [EEE], TEE, and respiratory
quotient [RQ)]) in a cohort of women at three and nine months postpartum using a whole body
calorimetry. We observed a negative association between PPWR and energy expenditure (REE,
TEE, SleepEE) after adjusting for body composition, as well as other potentially confounding
biological factors (maternal age, prepregnancy BMI, gestational weight gain [GWG], and lactation
status). Longitudinal studies involving men or nonpregnant, nonlactating women (26-28) have
suggested a metabolic adaptation with weight loss, specifically a decrease in REE after weight loss
that is greater than expected based on changes in body composition. The research presented in
Chapter 3 adds that low-retainers (80% of our cohort) had an increase in REE over time that was
greater than predicted by changes in body composition. This postpartum increase in REE may
contribute to negative energy balance, allowing the body to dissipate excess calories and return
body weight to prepregnancy values.

Adjustment of energy expenditure for body composition using the residual energy
expenditure technique (29-31) was also explored in Chapter 4. We reported a negative association
between PPWR and residual SleepEE; the lower residual SleepEE (low metabolism) the higher
the PPWR. A recent study by Ostendorf and colleagues (32) found residual REE to be positively
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correlated with weight loss, but not with duration of weight loss maintenance, suggesting that
successful weight loss maintenance may not always result in disproportionately lower-than-
predicted energy expenditure. Other behavioral changes may be involved. Given the importance
of metabolic adaptation with weight loss, especially in postpartum women, investigating factors
influencing residual energy expenditure in this population warrants further research.

It was also demonstrated that cardiorespiratory fitness (CRF) was negatively associated
with PPWR (Chapters 3 and 4), and it was higher in low-retainers compared to high-retainers
(Chapter 3). Regular physical activity is one of the most important modifiable determinants of
CREF (33). Therefore, encouraging postpartum women to be physically active following childbirth
may contribute to improvements in CRF (34, 35) and body weight regulation. Another metabolic
alteration that may occur in postpartum women is change in appetite. We determined that PPWR
was negatively associated with fullness and satiety, and positively associated with overall
motivation to eat, hunger, and PFC. Appetite is associated with BMI and body composition (36-
38), and has been demonstrated to predict weight change (36, 39, 40) in other populations. Appetite
may impact PPWR through alterations in energy intake. Although not consistent across studies
(41), results from six weight loss studies that were analyzed retrospectively (39), indicated that
appetite sensations were potential predictors of individual energy intake and weight loss. In a
clinical context, assessment of appetite sensations could be a useful tool to assist in providing
recommendations for weight management.

Our findings indicated that energy metabolism and appetite are all important factors
regulating body weight after childbirth. Despite the fact that more remains to be learned and
understood about energy metabolism and appetite in the postpartum context, future strategies to

promote appropriate weight in the postpartum period could target these different factors.

6.4 Determinants of Appetite Sensations

Given that appetite sensations were associated with PPWR in the cohort of women enrolled
in our study, we further explored some potential determinants of appetite. Daily duration of
lactation episodes was associated with women’s perceptions of appetite sensations. To our
knowledge, only one other study (42) has assessed the impact of lactation on appetite sensations
and they reported that appetite ratings and the area under the curve (AUC) for the four appetite

sensations (i.e., hunger, desire to eat, fullness, and satiety) were not different between 24 lactating
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women at 4-5 weeks postpartum and 20 never-pregnant controls. Possible mechanisms that could
explain the relationship between appetite and lactation include: 1) the glucostatic theory proposed
by Mayer (43), in which hunger is initiated by decline of blood glucose level; 2) the
glycogenostatic theory proposed by Flatt (44, 45), in which low glycogen stores stimulate food
intake to maintain or replenish glycogen stores; 3) appetite-regulating hormones (e.g ghrelin,
peptide Y'Y, and leptin) may be affected by lactation; 4) lactation-related hormones (e.g. prolactin)
may be involved in the regulation of appetite. Given that there is a paucity of studies examining
these relationships in postpartum women, further research is needed.

This thesis provides an in-depth assessment of lactation patterns using a 3-day breast milk
diary including a 24-h infant test weighing protocol (46). These two methodologies allowed us to
explore not only breast milk energy output but also the duration of lactation episodes for each day.
In animal studies involving lactating rats, changes in energy intake were driven by signals of
increased energetic demands as well as by the stimulation resulting from physical suckling,
independent of milk delivery per se (47-49). Thus, it is possible that daily duration of lactation
episodes may impact appetite independently of breast milk energy output in humans.

Other metabolic responses affecting appetite that may occur in postpartum women, were
related to increased carbohydrate oxidation and PAL. A longitudinal study comparing lactating
and nonlactating women (19) found higher carbohydrate oxidation during lactation at six months
postpartum, which is consistent with the preferential use of glucose by the mammary gland (50).
Higher daily carbohydrate oxidation and PAL may lead to a greater depletion of glycogen stores,
thereby stimulating appetite to initiate energy intake in order to replenish glycogen stores; this is
consistent with the glycogenostatic theory (44, 45). This thesis provides critical data and insights
on appetite control during the postpartum period, in which daily duration of lactation episodes,
daily carbohydrate oxidation, and PAL are some of the important metabolic characteristics that

deserve further investigation.

6.5 Knowledge Translation: Estimation of Energy Expenditure in the Postpartum Period
The development of personalized recommendations to support appropriate weight

management relies on accurate assessment of energy needs. Several equations have been designed

to estimate energy expenditure when indirect calorimetry is not available or when measurements

are unfeasible to attain in clinical or research settings. To our knowledge, this research is the first
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to assess measured versus predicted REE in early and late postpartum, and to assess the accuracy
of the current DRI energy recommendation for postpartum women (51) using whole body
calorimetry (Chapter 5).

Although several equations for REE were accurate at a group level, individual prediction
of REE, using different equations, showed high rates of inaccuracy. Therefore, such equations
should be used with caution when predicting individuals’ energy needs in the postpartum period.
The highest level of REE accuracy at an individual level at both time points was estimated by the
FAO/WHO/UNU height and weight equation. Inaccuracy in either direction (i.e., under or over-
estimation) might lead to inappropriate lifestyle recommendations that could compromise
women’s health. Inaccuracy of estimating energy expenditure could also negatively impact clinical
trials assessing the effectiveness of nutrition and exercise interventions on postpartum body
weight.

Average measured TEE was accurately predicted by the DRI recommendation (51);
however, it was not an accurate predictor at an individual level. Our findings suggested that the
addition of the DRI-recommended 400 kcal/day for lactation to all women led to inaccurate
predictions in approximately one-third of women. For example, predicted energy expenditure
overestimated the measured energy expenditure by up to 450 kcal and underestimated the
measured energy expenditure by more than 500 kcal in some individuals. Such recommendations
should be used cautiously for individual energy intake recommendations. The results of our study
highlight the need for refining recommendations when using them to predict individual’s energy
needs. The primary factor contributing to the inaccuracy is lactation (i.e., breast milk energy
output), because it is highly variable among women, ranging from ~50 kcal to 750 kcal at nine
months postpartum. Thus, including information about a woman’s individual breast milk energy
output improved the estimation of energy requirements by ~35%, which could have important
implications for promoting appropriate weights in postpartum women. Future studies could
therefore work toward alternative ways to capture this information, as the infant test weighing
protocol is not always feasible in clinical settings.

To conclude, a better estimation of energy expenditure for postpartum women is needed to
support appropriate diet and weight management interventions in this population. Future

investigations are warranted to understand the physiology driving energy expenditure and the
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contribution of lactation to total energy requirements in the postpartum period, both short and long

term.

6.6 Limitations

The findings of this thesis should be assessed considering its strengths and limitations.
First, the results from this thesis were based on observation of postpartum women who were
predominantly Caucasian, free of major underlying metabolic disorders, in their early thirties,
highly educated, and with a high income. This cohort of women represents a subset of postpartum
women in comparison to the general population. In addition, selection bias should also be
considered as a limitation; participants who volunteer for health research studies are likely to have
higher interest in healthy living compared with those participants who decline participation. Even
though this thesis had a sample size that was similar to or greater than other studies in this research
area (16-21), it was still relatively restricted.

Although our sample size may have limited our ability to detect significant interactions
among some variables, we have used rigorous and precise methodologies to assess research
variables and to ensure well-controlled accurate measurements. The advantages and limitations of
the whole body calorimetry method were outlined in Chapter 2. The use of self-reported
information for some of our data may have also introduced some bias, especially for prepregnancy
weight, which was used in the calculation of GWG and PPWR. However, a retrospective cohort
study (52) with 7,483 women, showed that utilization of self-reported or measured prepregnancy
weight for BMI classification resulted in identical categorization for the majority of women.
Sensitivity analyses, from another cohort study (53), also suggested that using self-reported
prepregnancy weight for prepregnancy BMI classification was reasonably accurate. We used a
previously validated tool to assess appetite sensations (54) (Chapter 4). However, measurements
of hormones that control appetite (e.g., total and acylated ghrelin, PY'Y, GLP-1) and lactation (e.g.,
prolactin and oxytocin) were beyond the scope of this research. These hormones could be an
important focus of future studies.

Measurements were obtained at three and nine months postpartum which allowed for
analysis of both cross-sectional and longitudinal comparisons; these time points were chosen to
reflect early versus late postpartum periods. The 24-h TEE measurement was assessed once at nine

months postpartum. Ideally, we would have assessed it at three months postpartum, but it was not
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feasible to separate mothers and infants for a prolonged time when many of them were exclusively
breastfeeding. Furthermore, the inclusion of additional time points for data collection (e.g., six and
twelve months postpartum) would have improved our understanding of the trajectory of variables
that change throughout the postpartum period. However, it is likely that recruitment would have
been more difficult and/or loss to follow-up would have increased because of the extensive time
commitment required for each study visit. Therefore, the study was designed to consider
participant acceptability to the study protocol and to collect as much information as possible to
answer the research questions while minimizing patient burden. Only four women were lost to
follow-up in this study, suggesting that an appropriate balance was achieved.

An important statistical phenomenon to consider in future longitudinal studies is regression
to the mean, in which subjects’ average values on an outcome variable (e.g., BMI) may change in
a systematic direction over time despite there being no treatment effect. Without a proper control
group, changes thought to be associated with an intervention may be due to regression to the mean.
Obesity research is particularly vulnerable, because the typical outcome (obesity) is defined based
on a deviation from the mean (55). Therefore, to avoid making incorrect inferences, regression to

the mean may be considered when designing studies and interpreting data.

6.7 Future Research
Several considerations should be discussed to move the field of postpartum energy
metabolism forward. The following are suggested research areas that may be explored in future

analyses and/or studies:

Assessing Metabolic Adaptation in the Postpartum Period

Since residual energy expenditure is associated with PPWR (Chapter 4), future research
investigating the determinants of residual SleepEE in postpartum women is warranted. Our
findings also indicated that lactating women at nine months postpartum have a similar TEE to
nonlactating women (Chapter 5). In addition, findings from our case study (56) reported that TEE
returned to prepregnancy values by nine months postpartum despite additional energy costs of
breast milk synthesis (Appendix 1). These results suggest that adaptations in energy metabolism
might occur throughout the postpartum period. Thus, future longitudinal studies with repeated

measures of energy metabolism are warranted to better identify and describe adaptive changes in
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thermogenesis in women during the postpartum period. Such studies could compare energy
expenditure measured before pregnancy and energy expenditure predicted by body weight or
composition at different postpartum time points. Another approach could be to use a control
sample of matched nonpregnant women as a reference group and predict energy expenditure at

different postpartum time points (Tremblay 2018, personal communication (57)).

Building a Framework to Capture the Variability in Breast Milk Energy Output

Including information about a woman’s individual breast milk energy output improves the
estimation of energy requirements for lactating women (Chapter 5), but it is not always feasible to
measure breast milk energy output directly. Larger studies are warranted to identify alternative
ways to capture this information. One suggestion would be to operationalize definitions of full and
partial breastfeeding as proposed by the WHO (58) and the Interagency Group for Action on

Breastfeeding (59) and to link these categories to estimates of breast milk energy output.

Exploring the Relationship between Appetite and Postpartum Body Weight

In this research, we studied the relationship between appetite sensations and body weight,
as well as appetite sensations and other metabolic characteristics (e.g. energy metabolism,
lactation) (Chapter 4). Other longitudinal studies should be performed to explore the relationship
between these variables and changes in different appetite-regulating hormones and lactation-
related hormones. Future studies assessing these relationships would build on the knowledge

gained from the findings presented in Chapter 4.

Improving the Estimation of Postpartum Energy Expenditure

This research highlighted the variability of postpartum body weight and the complexity of
factors influencing its trajectory (Chapters 3 and 4). Additionally, high rates of inaccuracy in
measuring energy expenditure in the postpartum period was demonstrated (Chapter 5). A better
estimation of energy expenditure in clinical settings for weight management in the postpartum
period is warranted. The following are different research directions that could improve care for
postpartum women who aim to achieve a healthy body weight: 1) Future studies using
mathematical modeling techniques are needed to frame, understand, and discuss the variability and

complexities of body weight regulation in the postpartum period. This model, which is similar to
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the foresight obesity system map (60), would assist in understanding how different interconnected
factors influence postpartum body weight; 2) Future larger studies using data from indirect
calorimetry would allow sophisticated mathematical modeling to simulate changes in energy
expenditure during the postpartum period to predict weight loss, as previously described in other
populations (61, 62) including pregnant women (63). Examples of online calculators to predict
weight loss (64, 65) or GWG (66), obtained from large samples of individuals, have been
developed by the Pennington Biomedical Research Center (64, 66) and the National Institutes of
Health (65). The database of this thesis, combined with larger databases, could potentially be used

to develop this type of mathematical energy balance modeling for postpartum women.

6.8 Conclusion

This thesis captured some of the complexity of interconnected factors associated with body
weight trajectories in the postpartum period such as energy metabolism, cardiorespiratory fitness,
and appetite. Furthermore, this research indicated that lactation patterns, carbohydrate oxidation,
and PAL are associated with appetite sensations, which in turn were also associated with body
weight regulation in the postpartum period. All these factors may contribute to the high variability
of body weight observed, while highlighting that postpartum women are individuals with different
weight management needs. This thesis also adds much needed evidence to the body of literature
on energy metabolism in the postpartum period, showing that REE, TEE, and breast milk energy
output are highly variable at the individual level. Furthermore, current predictive equations, or
energy recommendations should be used cautiously by postpartum women and healthcare
providers, especially for those women who are lactating. Collectively, findings from this research
have great importance in identifying weight management strategies, and they also have the
potential to contribute to the formation of more individualized energy recommendations for
postpartum women, with the ultimate goal of promoting appropriate body weight and improving

care in the postpartum period.
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Appendices

Appendix 1. Changes in Energy Metabolism from Prepregnancy to Postpartum: A Case
Report

1. Preface

A version of this appendix has been published. Pereira LCR, Elliott SA, McCargar LJ, Bell RC,
Prado CM. Changes in Energy Metabolism from Prepregnancy to Postpartum: A Case Report.
Can J Diet Pract Res. 2018;79(4):191-195, https://doi.org/10.3148/cjdpr-2018-016.

2. Introduction

The estimation of energy needs during pregnancy and lactation is challenging.
Recommendations were derived from high-quality studies but many years ago and based on a
limited number of scientific studies (1-6) It is therefore reasonable to expect that current
recommendations for energy may not reflect the needs of contemporary women who generally are
older (7), more sedentary and of different body composition (8) compared to data from older
studies. This in turn can impact weight gain/retention throughout pregnancy and postpartum.

In an effort to explore the energy needs of these women, we assessed changes in energy
expenditure using a state-of-the-art technique (whole body calorimetry unit [WBCU]) at four time
points: one month prepregnancy (“baseline”), pregnancy (33 weeks), and at three and nine months
postpartum of a primigravida woman. We also compared measured and estimated energy

expenditure using common equations.

3. Presentation of the Case

The unique data presented was acquired as the same individual participated in two
unrelated studies, thus allowing the opportunistic investigation of energy expenditure changes.
Informed consent was obtained according to the University of Alberta Health Research Ethics
Board (Pro20408 and Pro42267).

The married, university educated, Caucasian participant was 30 years of age, and working

full time prior to maternity leave. Her prepregnancy weight and height were 58.06kg and 1.64m,
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respectively. Resting blood pressure and heart rate were within normal ranges with no adverse

health problems (Table 1).

4. Activities undertaken

Total energy expenditure (TEE) was measured for 24 hours by indirect calorimetry using
a WBCU at all but the three months postpartum time point — the latter due to exclusive
breastfeeding. However, all time points included a measure of resting energy expenditure (REE).
While in the WBCU, individual components of TEE were assessed: REE (30 minutes), exercise
energy expenditure (35 minutes treadmill walking at 2.5 mph and 5% incline, reflective of a low-
to moderate-intensity walk), and energy expended while pumping breastmilk (five times/day via
electric pump). Respiratory Quotient (RQ) was also assessed within the WBCU, and calculated
from the ratio of carbon dioxide produced to oxygen consumed by the body.

Body composition was measured by dual energy X-ray absorptiometry (GE Medical
Systems; WI, USA, enCORE 9.20 software). Energy intake was assessed using 3-day food records,
(ESHA-Food Processor v.10.12.0; OR, USA), including one weekend and two weekdays, and
directed by experienced research staff with extensive nutrition background. Baecke questionnaire
(9) was used to assess physical activity, with the following categories: “at work”, “sport”, and
“nonsport leisure” time. Scores for each of these three categories range from one to five and the
total physical activity score (sum) range from three to fifteen. A higher score represents a higher
level of physical activity.

Exclusively breastfeeding was reported at three months postpartum, with both breastmilk
and complementary foods given at nine months. Breastmilk volume was estimated based on 24-
hours infant test-retest weighing, in which the infant was weighed before and after each
breastfeeding session. Breastmilk volume was used to estimate breastfeeding energy expenditure
according to the FAO/WHO/UNU Human Energy Requirements report (10), with breastmilk
volume corrected for insensible water losses (5%). The energy content of breastmilk was assumed
to be 0.67 Kcal/g; and an efficiency factor of 80% was applied.

Mifflin-St Jeor equation (11), commonly used in practice (12), was used to compare
measured (WBCU) and estimated REE. Dietary References Intakes (DRIs) (13) and the Factorial
Method (14) (using measured and estimated REE and breastfeeding energy expenditure) were used

to compare measured (WBCU) and estimated TEE (Table 2).
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5. Outcomes

Changes in measured TEE and REE are shown in Figure 1. REE was similar at baseline,
three and nine months postpartum. As expected, REE and TEE increased during pregnancy.
Baseline and 9-month TEE were also similar, despite additional energy expended through
pumping. While in the WBCU, 410mL of breastmilk was pumped which equated to an estimated
energy cost of ~360 kcals (10). Interestingly, according to the WBCU, 1.5kcal/min was expended
on average while pumping, totaling 180 kcals for five sessions. Fasting RQ was higher at baseline
than during pregnancy or postpartum, likely due to underlying metabolic changes or differences
in macronutrient intake during those periods (Table 1).

Although body weight returned to prepregnancy values at nine months postpartum, waist
circumference was higher compared to prepregnancy. No change in lean tissue occurred in the
postpartum period, although fat mass increased by 2% (1.5kg) between three and nine months.
Energy intake was similar between both postpartum time points, and physical activity increased in
the postpartum period compared with pregnancy, remaining stable postpartum (Table 1).

Measured REE was higher than estimated at all four time points. Minimal differences in
measured and estimated TEE were observed at baseline (<100 kcal). During pregnancy, measured
TEE was lower than predicted by the DRIs (13), and by the two Factorial Methods (measured and
estimated). Differences between measured versus predicted TEE were more pronounced at nine
months postpartum, in which the current DRIs recommendations for energy (13) overestimated

TEE by 350 kcal (Table 2).

6. Discussion

We believe this case report was the first to assess TEE in three stages of woman’s life
(prepregnancy, pregnancy, and postpartum) using WBCU. Although this study carries unique and
accurate information, findings are not meant to be generalized due to the intrinsic limitations of a
case report. However, our results highlight the need for further research re-evaluating current
recommendations for energy, especially for postpartum women.

Here we reported a woman’s TEE returns to prepregnancy values by nine months
postpartum, despite additional costs of breastfeeding. Similarly, REE was ~75% of TEE
throughout pregnancy and the postpartum period, even with significant burden of energy

deposition (during pregnancy) and energy stores mobilization (during lactation). It suggests that
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adaptations in energy metabolism may occur throughout the postpartum period, thus facilitating
achievement of prepregnancy metabolic state. Likewise, current DRIs recommendations for
energy (13) overestimated actual needs for this individual by 350 kcal/d at nine months
postpartum.

Additionally, pumping milk inside the WBCU is different compared to the milk supply-
demand cycle of infant feeding. However, our precise WBCU data showed that energy expended
in pumping milk was 50% lower than estimated by the FAO/WHO/UNU Human Energy
Requirements Report (10). Likewise, discrepancies between recommended and estimated
breastfeeding energy expenditure values were observed. As this accounts for ~40% of her TEE, its
accuracy should be considered when examining energy requirements. Lactating women are
suggested to expend ~400 kcal/d during 7-12 months postpartum (13); however, our estimated
value was ~700 kcal/d at 9-months postpartum based on 24-hour infant test-retest weighing.

A pattern of altered body composition emerged (higher fat/lean ratio) between three and
nine months postpartum without changes in physical activity and energy intake. Therefore, the
postpartum period may involve increases in fat mass that are not reflected in overall weight change
(15). Although some women may return to their prepregnant weight and energy expenditure
values, the increase in fat mass and waist circumference may be persistent, with longer term health
effects. Similar to what we observed in this woman, maternal adiposity was not associated with
breastmilk volume, after correction for multiple comparisons in another study (16); however, the
impact of breastfeeding patterns on body composition changes should be further investigated.
Finally, body composition and more accurate approaches to estimate energy needs may improve

nutritional assessment during the postpartum period.

7. Relevance to Practice

Pregnancy and postpartum energy needs may not be accurately depicted by current
equations. Likewise, weight change is not reflective of body composition change. Accurately
determining energy needs during these periods is essential for providing adequate dietary advice
and promoting a healthy body weight and composition, avoiding any adverse maternal/infant
outcomes. Further research is required to re-evaluate and revise current energy recommendations

for pregnant and postpartum women.
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Table 1. Descriptive characteristics of anthropometrics, measured energy expenditure and respiratory quotient, body
composition, energy intake, breastfeeding, and physical activity, prepregnancy, during pregnancy and at three and nine months

postpartum.
Pregnancy 3 months 9 months

Participant’s characteristics Prepregnancy (33 weeks) Postpartum Postpartum
Anthropometrics
Weight (kg) 58.06 72.00 59.20 57.90
BMI (kg/m?) 222 - 22.1 21.6
Waist circumference (cm) 70.6 - 80.4 76.3
Weight change (kg)? — — 1.14 -0.16
Blood pressure (diastolic/systolic, mmHg) 104/69 107/68 112/72 107/72
Resting Heart rate (bpm) 63 78 78 74
Measured energy expenditure and respiratory quotient
Resting energy expenditure (kcal/day) 1389 1767 1346 1449
Fasting respiratory quotient 0.93 0.83 0.84 0.78
Total energy expenditure (kcal/day) 1847 2226 — 1919
24-hour respiratory quotient 0.90 0.88 - 0.82
Exercise energy expenditure (kcal) 151 191 - 157
Exercise respiratory quotient 0.94 0.93 — 0.87
Body composition
Fat mass (kg) — — 14.43 1591
% Fat mass — — 24.70 26.74
Lean soft tissue (kg) — — 41.66 41.15
Fat-free mass (kg) — — 44.09 43.62
Fat:Lean ratio — — 0.35 0.39
Energy intake — —
Energy Intake (kcal/day) — — 2321 2365
Energy Intake (kcal/kg) — — 39 41
Breastfeeding — —
24-hours infant test-retest weighing — —
.. Total milk volume expressed (mL/day) — — 722 822
.. Estimated energy expended in breastfeeding (kcal)® — — 635 723

Energy expended pumping breast milk while in the WBCU

199



.. Total milk volume pumped while in the WBCU (mL/day) — — — 410
.. Based on the WBCU data points (kcal) — — — 180
.. Based on the FAO/WHO/UNU (kcal)® - - - 360
Physical activity scores

Baecke questionnaire total — 7.2 8.5 8.5
Baecke questionnaire work — 2.0 3.1 3.1
Baecke questionnaire sports — 2.5 2.5 2.8
Baecke questionnaire leisure — 2.7 2.9 3.0

Note: Energy expenditure and respiratory quotient were measured by indirect calorimetry using a WBCU; body composition was
measured by dual energy X-ray absorptiometry; energy intake was assessed using 3-day food records; physical activity was assessed
using Baecke Questionnaire (9). BMI, body mass index; WBCU, whole body calorimetry unit. *Change in weight compared to
prepregnancy weight. ®°Based on the FAO/WHO/UNU Human Energy Requirements report (10).
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Table 2. Comparison of estimated and measured energy expenditure variables.

Estimated EE Measured EE Difference between estimated

Energy Expenditure Equation (kcal/day) (kcal/day) and measured EE (kcal)

REE

Mifflin-St Joer ? 10 x weight (kg) + 6.25 % height (cm) — 5 — — —
x age (y) - 161 °

Nonpregnant — 1296 1389 -93

Pregnant - 1432 1767 -335

3 months postpartum — 1302 1346 -44

9 months postpartum — 1277 1449 -172

TEE

DRI ¢

Nonpregnant 354 — (6.91 x age [y]) + PA x {(9.36 x 1869 1847 22
weight [kg]) + (726 x height [m])} ¢

Pregnant Nonpregnant EER + 272 + 180 2321 2226 95

3 months postpartum Nonpregnant EER + 500 — 170 2199 — N/A

9 months postpartum Nonpregnant EER + 400 — 0 2269 1919 350

Factorial Method (measured)

Nonpregnant Measured REE x PAL 1.4 1945 1847 98

Pregnant Measured REE x PAL 1.4 +452 ¢ 2926 2226 700

3 months postpartum Measured REE x PAL 1.4+ 635 f 2519 — N/A

9 months postpartum Measured REE x PAL 1.4 + 723 f 2752 1919 833

Factorial Method (estimated)

Nonpregnant Estimated REE x PAL 1.4 1814 1847 -33

Pregnant Estimated REE x PAL 1.4 + 272+ 180 © 2457 2226 231

3 months postpartum Estimated REE x PAL 1.4 +500—170 8 2153 — N/A

9 months postpartum Estimated REE x PAL 1.4 +400—-08 2188 1919 269

Note: EE, energy expenditure; REE, resting energy expenditure; TEE, total energy expenditure; DRI, dietary references intakes; EER,
estimated energy requirements; PA, Physical Activity Coefficient; PAL, physical activity level.
Positive value denotes overestimation by predictive equation. N/A, not available, no comparisons could be made between two data

points.

a Mifflin-St Jeor equation (11).
® The same equation was used at all four measurement time points
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¢ DRI equations (13).

4 Physical activity coefficient of 1 was used in the DRI equations (13), which is consistent with PAL of 1.4 used in factorial method.
This PAL (1.4) was chosen based on the participant’s self-reported physical activity level (lightly active).

¢ Additional pregnant-related calories were estimated based on the DRI equations (13), which takes into account energy expended during
pregnancy (272 kcal) plus pregnancy energy deposition (180 kcal).

PEnergy expended breastfeeding as measured by breastfeeding diaries and calculated based on the FAO/WHO/UNU Human energy
requirements report (10).

£ Energy expended breastfeeding as estimated by DRI equations (13) which takes into account milk energy output (3 months postpartum:
500 kcal, and nine months postpartum: 400 kcal), and weight mobilization (3 months postpartum: 170 kcal, and 9 months postpartum:
0 kcal).
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Figure 1. Changes over time in resting and total energy expenditure measured using the
whole body calorimetry unit. REE, resting energy expenditure; TEE, total energy
expenditure; 3M PP, three months postpartum; 9M PP, nine months postpartum.
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