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Abstract

Background—The impact of maternal BMI and insulin sensitivity on bioactive components of
human milk (HM) is not well understood. As the prevalence of obesity and diabetes rises, it is
increasingly critical that we understand how maternal BMI and hormones associated with
metabolic disease relate to concentrations of bioactive components in HM.

Methods—This longitudinal cohort design followed 48 breastfeeding mothers through the first
four months of lactation, collecting fasting morning HM samples at 2-weeks and 1, 2, 3, and 4-
months, and fasting maternal blood at 2-weeks and 4-months. Insulin, glucose, adipokines leptin
and adiponectin, appetite regulating hormone ghrelin, marker of oxidative stress 8OHdG, and
inflammatory cytokines (IL-6, IL-8, and TNF-a) were measured in HM and maternal plasma.

Results—26 normal weight (NW) (BMI=21.4+2.0 kg/m?), and 22 overweight/obese (OW/Ob)
(BMI=30.4%4.2 kg/m?2) were followed. Of all HM analytes measured, only insulin and leptin were
different between groups - consistently higher in the OW/Ob group (leptin: p<0.001; insulin:
p<0.03). HM insulin was 98% higher than maternal plasma insulin at 2-weeks and 32% higher at
4-months (p<0.001). Maternal fasting plasma insulin and HOMA-IR were positively related to
HM insulin at 2-weeks (p<0.001, R2>0.38, n=31), and 4-months (p<0.005, R%>0.20, n=38).

Users may view, print, copy, and download text and data-mine the content in such documents, for the purposes of academic research,
subject always to the full Conditions of use: http://www.nature.com/authors/editorial_policies/license.html#terms

Corresponding Auth}?r —to Whom Reprint Requests Should be Addressed: Bridget E. Young, PhD, CLC, Anschutz Medical
Campus, 12700 E 19t Ave, Box C225, Aurora, CO, 80045, T: (303)724-3309, F: (303)724-6636, Bridget. Young@UCDenver.edu.
Conflict of Interest:

The Authors have no conflicts of interest to disclose.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Young et al.

Page 2

Conclusions—The concentrations of insulin in HM are higher than in maternal plasma and are
related to maternal BMI and insulin sensitivity. With the exception of leptin, there were minimal
other differences observed in HM composition across a wide range in maternal BMI.
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INTRODUCTION

The first 6 months of a newborn infant’s life are a critical period of development when
nutritional exposures can exert long-lasting programming effects (1). During this time,
exclusive breastfeeding is universally recommended due to the immunologic and other
protective benefits of human milk (HM) that decrease infant risk for infection and chronic
disease (2, 3). Exclusive breastfeeding has also been shown in most studies to impart a
modest protective effect against later obesity (4, 5) and type 2 diabetes (6, 7). However, this
protective effect is controversial, and may differ depending on maternal phenotype (8-10).

Human milk (HM) is a dynamic and complex substance which delivers large doses of
bioactive components (hormones, cytokines, pre-and probiotics, oligosaccharides, etc.) that
support infant development and optimize health. Maternal BMI may impact characteristics
of HM such as % fat, leptin, adiponectin, and insulin (11-14). Obesity is characterized by
chronic systemic low grade inflammation, oxidative stress, and insulin resistance (15) but
how maternal metabolic phenotype impacts HM composition, particularly the oxidative
stress and inflammatory profile of HM, over time is poorly understood.

Data from animal models suggest that maternal obesity and/or poor diet impacts breast milk
composition, imparting deleterious postnatal programming effects to offspring, predisposing
them to obesity, inflammation and components of metabolic syndrome (16-18). However,
human epidemiological data are less conclusive, and have failed to show that HM from a
mother with obesity is less protective against obesity than HM form a normal weight mother
(19). In fact, some data suggest that the protection of breastfeeding against childhood
obesity is greater from overweight vs. normal weight mothers (20).

Currently, 40% of American women are obese (21). Despite this prevalence, the impact of
maternal obesity on HM composition and delivery of bioactive components to the infant
remains poorly characterized. This study had several aims. First we compared bioactive
components in HM that may be associated with metabolic derangement (adipokines,
anabolic and appetite-regulating hormones, macronutrients, and markers of inflammation
and oxidative stress) between healthy mothers vs mothers with overweight/obesity.
Secondarily, we tested for relationships between specific components of maternal phenotype
(BM, circulating hormone concentrations, insulin sensitivity, and % weight loss) and HM
composition. Lastly, we compared temporal trends in these HM components between groups
— focusing on the first 4 months of breast feeding when infants are rapidly accreting fat and
are exclusively consuming HM. Understanding the impact of maternal overweight/obesity
on HM compoasition is critical given the rising prevalence of metabolic dysfunction among
breastfeeding women.
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METHODS

Study Design and Participants

This was a prospective cohort study of breastfeeding women and their infants over the first
four months of lactation. The study was approved by the Colorado Multiple Institutional
Review Board (clinical trials.gov: NCT01693406). Inclusion criteria included maternal age
of 21 — 36 with a pre-pregnancy BMI of 17.0 — 39.9 kg/m?2. Informed consent was given
during pregnancy. All women were carrying a singleton fetus, planning to exclusively
breastfeed for at least four months, and were otherwise healthy. Women with any chronic
medical diseases requiring treatment such as cardiopulmonary, rheumatologic or renal
disease or pre-existing diabetes were excluded. Women who developed gestational diabetes,
preeclampsia, or who delivered their infant <37 weeks were excluded. All women delivered
their infants at the University of Colorado Hospital at the Anschutz Medical Campus
(Denver, CO). Maternal pre-pregnancy BMI was based on self-report of pre-pregnant weight
and measured height.

Based on previously published means and standard deviations for HM leptin concentrations
(22), we calculated that a sample size of 40 (20 Normal Weight (NW) and 20 Overweight/
Obese (OW/Ob)) would provide us >90% power to detect a significant difference (p<0.05)
in HM leptin concentrations between groups.

Study Protocol

Study personnel visited mothers in the hospital within 48 hours of delivery. Infant sex, birth
weight, and mode of delivery were obtained from medical records.

At 2-weeks, 1, 2, 3, and 4-months, participants were seen for morning follow-up visits.
Mothers were asked to fast from midnight the previous night. At each visit, maternal height
and weight were measured and mothers were administered a shortened version of the Infant
Feeding Practices Il Questionnaire, which queried about current feeding practices,
breastfeeding exclusivity, and breastfeeding problems (23). The Infant Feeding Practices II
documents the number of breastfeeding or bottle-feeding sessions (including snacks) that
occurred in the past 24 hours. Breastfeeding exclusivity was calculated at each visit as the
percentage of feedings in previous day that were breast milk.

At 4-months, total breastfeeding exposure was calculated to reflect exclusivity and duration
(as % over 4 months months), such that 100% indicates exclusive breastfeeding for a full 4-
months. A score of 50% could indicate exclusive breastfeeding for 2 months and then no
breastfeeding for months 2 — 4, or 50% of feeds from breastmilk over the 4-month study.

Sample Collection

A mid-feed breast milk sample was collected at each visit. Mothers initiated a nursing
session, and approximately halfway through the feed (based on normal feeding time and
maternal sensation of milk removal and breast softening), the infant was removed, the nipple
and areola wiped clean, and approximately 20mL was expressed using a hand pump
(Ameda, Buffalo Grove, IL). Milk was immediately placed on ice and transported to the
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laboratory. Skim milk was generated by spinning milk at 10,0009 for 10 minutes at 4°C.
Aliquots of skim and whole milk were then stored at —80°C until analysis.

At 2-weeks and 4-months a fasting venous sample of maternal blood was also collected.
Plasma and serum were generated by centrifugation and frozen at —80°C until analysis.

Sample Analysis

Percent milk fat was measured by creamatocrit, and fat g/L was estimated using the
following approximation: g/L = (creamatocrit [%] — 0.59)/0.146) (24). Lactose was
measured by enzymatic digestion and detection of galactose (BioVision, Inc., Milpitas, CA),
and protein measured by a modified version of the Bradford method (BioRad Inc., Hercules,
CA). HM caloric density was calculated as the summation of fat, protein and lactose
assuming 9kcal/g, 4kcal/g and 4kcal/g, respectively.

8-hydroxy-deoxyguansoine (80HdG), a marker of oxidative stress, was measured in skim
milk and maternal plasma samples using a commercial EIA (Cayman Chemical, Ann Arbor,
MI). HM and plasma IL-6, IL-8, and TNF-a were measured simultaneously using a high
sensitivity magnetic bead Milliplex Assay (Millipore, Billerica, MA). Insulin and free
glucose were measured in the skim fraction of HM and maternal plasma using a
radioimmunoassay (Millipore, Billerica MA), and a hexokinase ultraviolet assay (Beckman
Coulter, Brea CA), respectively. Total adiponectin was measured in the skim fraction of HM
and in plasma using a radioimmunoassay (Millipore, Billerica MA). Leptin was measured in
the skim fraction of HM at a dilution between 1:2 and 1:5 using a high sensitivity ELISA
(R&D, Minneapolis MN). Leptin in maternal serum was measured using an ELISA
(Millipore, Billerica, MA).

Maternal hemoglobin A1C (HbA1C) was measured in whole blood (Siemens DCA Vantage,
Malvern PA). HOMA-IR was calculated in maternal samples as follows: (glucose (mg/dL) *
insulin (ulU/mL))/405. Maternal oxidized-LDL concentrations were measured via ELISA
(Mercodia, Winston Salem, NC).

Statistical Analysis

All data are presented as mean + SD, unless otherwise specified. All study variables were
tested for normality using the Shapiro-Wilks test. Outcome variables that were not normally
distributed were log transformed to correct skewness.

A linear mixed model was used to test HM analytes for overall group differences, trends
over time and any potential interaction between group and time. Differences in HM analytes
between groups at individual time points were tested via t-test among analytes that had a
significant group difference in the linear mixed model.

Paired t-tests were used to determine if the concentration of HM hormones was significantly
higher or lower than the concentration in maternal circulation.

Simple linear regression was used to determine if analyte concentrations in maternal blood
were related to those in HM at 2-weeks and 4-months, individually. Simple linear regression
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was also used to determine if maternal BMI was related to analyte concentrations in blood or
in HM (as separate outcomes) at both 2-weeks and 4 months. If a significant relationship
was detected between a maternal phenotype (BMI or concentration of an analyte in maternal
circulation) and the analyte concentration in HM, then multivariable regression was used to
test for a potential interaction between maternal phenotype and maternal overweight status
(as a dichotomous variable).

Simple linear regression was used to test if a given HM analyte at 2-weeks was related to the
concentration at 4-months.

RESULTS

Cohort Characteristics

A total of 48 mother/infant pairs (26 NW and 22 OW/Ob) participated in the study. Ten
women did not provide blood samples at 2-weeks, or undergo study visits at 1, 2, and 3-
months. Participant characteristics are reported in Table 1. Only one woman was
underweight (pre-pregnant BMI <18.5). Because exclusion of her data did not change the
results, she was included in the NW group. Neither maternal age, mode of delivery, length of
gestation, or total gestational weight gain differed between groups. Infant weight gain over
the first 4 months of life did not differ by maternal group.

In the cohort as a whole, mothers had lost 84 + 29% of their gestational weight gain by 4-
months postpartum, and the % of weight loss did not differ between NW vs. OW/Ob women
(Table 2).

Temporal Changes in Maternal Biochemical Phenotype

Maternal biochemical characteristics are presented for the cohort as a whole, and in the
groups individually in Table 2. In the cohort as a whole, breastfeeding exclusivity decreased
over time (from 2-weeks to 4-months; p=0.003). Maternal BMI and triglycerides
significantly decreased over time (p<0.0001). Maternal fasting glucose and HOMA-IR
significantly increased over time (p=0.005 and 0.03, respectively), whereas maternal fasting
insulin and Hb-A1C did not change. Both markers of oxidative stress, 80OHdG and oxidized-
LDL, decreased in maternal circulation (p<0.0001). No change was observed in maternal
circulating adipokines (leptin and adiponectin) or cytokines (IL-6, IL-8, and TNF-a.) over
time.

Differences in Maternal Biochemical Phenotype by Overweight Status

Maternal plasma leptin, insulin, and HOMA-IR were all significantly higher among OW/Ob
compared to NW mothers at both 2-weeks and 4-months. Furthermore, concurrent maternal
BMI was positively associated with maternal leptin, insulin, and HOMA-IR at both 2-weeks
(p<0.02, R2 > 0.17) and 4-months (p<0.002, R2 > 0.27). Maternal ghrelin concentrations
were lower among OW/Ob mothers and negatively associated with concurrent maternal BMI
at both time points (p=0.03, R? = 0.15 at 2-weeks and p<0.001, RZ = 0.22 at 4-months).
Maternal triglycerides were higher among OW/Ob women only at 4-months.
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Differences in HM Composition Over Time, and By Group

The HM characteristics of the cohort as a whole are presented in Table 3. HM protein,
insulin, leptin, adiponectin, ghrelin, BOHdG, and the inflammatory cytokines all decreased
over the course of lactation, while lactose and glucose concentrations increased. These
changes over time were consistent in both groups.

Controlling for the effect of time, only insulin and leptin were different in HM and were
consistently higher in the OW/Ob group (leptin: p<0.001; insulin: p<0.03). Considering
time-points individually, HM leptin was higher in the OW/Ob group at every time point
(p<0.05) and HM insulin was higher in the OW/Ob group at 2-weeks, 1-month and 3-
months (p<0.05). Temporal changes in HM insulin and leptin by group are presented in
Figure 1.

HM Insulin is Higher than Maternal Circulating Insulin

The concentrations of insulin in HM were significantly higher than those in maternal blood:
HM insulin was 98% higher than concentrations in maternal blood at 2-weeks (p<0.0001),
and 32% higher at 4-months (p<0.001) in the cohort as a whole (Figure 2). The HM
concentrations of all other hormones measured were significantly lower than in maternal
circulation (p<0.0001).

Maternal Phenotype is Associated with HM Characteristics

Concurrent maternal BMI was strongly positively correlated with HM leptin concentrations
at both 2-weeks (p<0.0001, R2=0.28, n=43) and 4-months (p<0.0001, R?=0.70, n=41).
Maternal serum leptin concentrations were also correlated with HM leptin concentrations at
both 2-weeks (p=0.001, R2=0.27, n=33), and 4-months (p=0.01, R?=0.40, n=40). These
relationships with HM leptin were similar in both the NW and OW/Ob group, as indicated
by the non-significant interaction term.

Concurrent maternal BMI was positively correlated with HM insulin concentrations at both
2-weeks (p=0.02, R2=0.12, n=48) and 4-months (p=0.03, R2=0.12, n=40). Maternal insulin
concentrations were also strongly correlated with HM insulin concentrations at both 2-weeks
(p<0.0001, R2=0.42, n=32), and 4-months (p<0.001, R2=0.29, n=38). Additionally, maternal
HOMA-IR was also strongly correlated with HM insulin concentrations at both 2-weeks
(p<0.001, R2=0.38, n=31), and 4-months (p=0.005, R2=0.20, n=38). These relationships
with HM insulin were similar in both the NW and OW/Ob group, as indicated by the non-
significant interaction term.

The relationships between maternal circulating and HM insulin and leptin concentrations are
presented in Figure 3.

Although HM adiponectin was not significantly different between groups, maternal BMI at
2-weeks was positively associated with HM adiponectin at 2-weeks (p=0.04, R2=0.09,
n=47). Maternal circulating adiponectin concentrations were, however, positively correlated
with HM adiponectin concentrations at both 2-weeks (p=0.01, R?=0.19, n=32) and 4-months
(p<0.001, R2=0.26, n=40). This relationship between maternal and HM adiponectin was
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similar in both the NW and OW/Ob group, as indicated by the non-significant interaction
term.

Neither maternal BMI, weight loss, parity, age, nor infant sex were consistently related to
other HM analytes (macronutrients, cytokines, hormones, and markers of oxidative stress).
DISCUSSION

This study is unique in the prospective longitudinal design and comprehensive
characterization of HM composition across a broad range of BMI. Our novel assessment of a
marker of oxidative stress in HM (80HdG), along with biomarkers in maternal circulation
substantially extends our understanding of the drivers of HM composition. In addition to
these novel study components, we tightly controlled our sampling protocol and collected
only fasting HM and blood samples — providing our data a degree of rigor lacking in other
studies of HM composition. Given the depth of our characterization, it is of significant
clinical importance, and is reassuring, that we found few differences in HM composition
between maternal BMI groups. Maternal BMI was consistently related to differences in HM
insulin and leptin only.

Several other studies have noted that HM leptin concentrations are related to maternal BMI
(25-27). Smaller studies that included assessment of maternal circulating leptin have shown
tight correlations with those in HM (25, 26), as we also find. However, maternal BMI seems
to explain just as much, if not more, variation in HM leptin than does maternal leptin
concentrations (Figure 2).

One of the unique findings in our study is the relationship between maternal fasting insulin
and HOMA-IR with HM insulin concentrations, since insulin in HM has been much less-
studied. Other small studies have reported similar or slightly lower HM concentrations than
those detected in our cohort (28, 29), but few studies have investigated the determinants of
HM insulin concentrations, or controlled for maternal prandial state. One study reported that
maternal BMI as well as hyperglycemia and insulin resistance during pregnancy were both
related to elevated insulin in HM (29), similar to our findings. Neither study measured
concurrent maternal insulin concentrations. Our novel data suggest that maternal plasma
insulin concentration and insulin sensitivity impact HM insulin concentrations more than
maternal BMI (Figure 3).

Our striking finding that insulin levels in HM are higher than maternal insulin (Figure 2)
concentrations suggests that insulin must be either actively transported from maternal
circulation into milk, and/or synthesized in the mammary gland. This finding is of particular
note from an infant perspective. As HM insulin rises after a meal (along with maternal
insulin) (30), the insulin concentrations we detect in fasting HM likely represent the nadir of
infant insulin exposure via HM. Furthermore, HM insulin concentrations at 2-weeks and 4-
months were tightly correlated, meaning that many infants were chronically exposed to
relatively high doses of oral insulin throughout these critical early months of lactation. The
concentrations of fasting HM insulin at 2-weeks were, on average, 5.6 fold higher
(p<0.0001) than previously published data of circulating infant insulin concentrations at 1-
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week (n=366) (31). This may be particularly physiologically relevant as infant intestinal
tight junctions remain open during this early neonatal period, and oral insulin impacts infant
intestinal maturation and development of the microbiome (32, 33).

Adiponectin has been well-studied in HM. We did not find a difference in maternal serum or
HM adiponectin between maternal BMI groups, but did detect a positive relationship
between maternal BMI and HM adiponectin at 2-weeks, consistent with previous studies
(22, 34). Both groups were actively losing weight throughout the course of the study which
may have masked underlying differences in maternal adiponectin.

Ghrelin in HM is much less- -understood. Ghrelin has been reported to both increase (35)
and decrease (36) in HM over the course of lactation. Our longitudinal data suggest that it
does indeed decrease (Table 2). The drivers of HM ghrelin are equally unknown as
concentrations are reported to both correlate with (37), and be unrelated to (35) circulating
maternal ghrelin concentrations. We do not detect any relationship between maternal and
HM ghrelin concentrations, in a fasting state. This lack of a relationship between maternal
blood and HM concentrations is particularly interesting as it differs from all other hormones
assessed (adiponectin, leptin, and insulin). HM ghrelin concentrations did not differ between
groups, unlike maternal serum ghrelin. Thus, any potential effect of HM ghrelin on infant
appetite regulation seems equivalent across maternal BMI categories.

A novelty of our study was assessment of bioactive compounds in HM that are associated
with metabolic derangement — namely inflammatory cytokines and markers of oxidative
stress. 8-hydroxy-2-deoxy-guanosine (80HdG), a marker of oxidative stress, has been
detected in HM (38), but never studied. TNF-a, IL-6, and IL-8 are all inflammatory
cytokines found in HM at widely varied concentrations (39) and are presumed to be active
and impact infant development (40).

Both 80OHdG, and all three inflammatory cytokines decreased in milk over time in this
cohort. Contrary to our hypothesis, we found virtually no differences in the inflammatory or
oxidative stress profiles according to maternal BMI status. This finding duplicates similar
data from our lab in a different cohort of normoglycemic obese and lean women (under
review). However, concentrations of these markers in maternal circulation were not different
between maternal BMI groups. This may be due to the metabolic demands of lactation and
peri-partum stress response, which may mask any underlying differences in chronic low
grade inflammation and oxidative stress that accompany obesity.

One of the notable strengths of this study was its longitudinal design which provided serial
collections of HM and blood samples at discreet time points allowing us to assess dynamic
relationships over time in both maternal circulation and HM. The controlled HM sampling
procedures (all morning and fasted samples) and number of analytes measured in HM set
this study apart from other published reports. Furthermore, our paired phenotyping of both
HM and maternal serum in addition to a wide range in maternal BMI allowed for inferences
about which maternal characteristics have the greatest impact on HM composition. While
our sampling schema was well-controlled, collection of mid-feed HM samples did limit our
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ability to precisely measure analytes that change over the course of a feed, such as milk fat
and calories.

This study is the first investigation to deeply characterize milk composition longitudinally in
concert with maternal metabolic phenotype. It adds to our understanding of the driving
forces regulating HM composition and of infant exposure to non-nutritive bioactive
compounds in HM over time. The general lack of differences in milk composition between
NW and OW/Ob mothers is both striking and reassuring to obese breastfeeding women. The
elevations in HM insulin in OW/OB women compared to NW women in this normoglycemic
cohort may be driven by maternal insulin concentrations, or insulin sensitivity. The fact that
insulin concentrations in HM surpass those in maternal circulation suggest that infants are
exposed to chronic high doses of oral insulin, especially if breastfed by an obese mother.
The ramifications of such exposure necessitate further study.
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Concentrations of Human milk (HM) insulin and leptin over time are presented as mean

+95% CI.

A) HM concentrations of insulin decreased over the first 4 months of lactation (p<0.0001)
and were higher in HM from overweight/obese women at 2-weeks, 1-month, and 3-months
(*p<0.05). B) HM concentrations of leptin decreased over the first 4 months of lactation
(p<0.0001) and were higher in HM from overweight/obese women at every time point

(*p<0.05), by t-test.
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Figure 2.
Insulin concentrations were measured in fasting maternal blood and human milk samples.

Insulin concentrations in human milk were 98% higher than concentrations in maternal
blood at 2-weeks (**p<0.004) and 32% higher at 4-months (*p<0.0009) (differences
assessed using a paired t-test).
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Figure 3.
A-B) Maternal fasting plasma insulin concentrations circulation were significantly and

positively related to insulin concentrations in Human Milk (HM) at 2-weeks (A: p<0.0001,
R2=0.42, n=32) and 4-months (B: p<0.001, R?=0.29, n=38). C-D) Maternal plasma leptin
concentrations were significantly and positively related to leptin concentrations in HM at 2-
weeks (A: p=0.01, R2=0.19, n=32) and 4-months (B: p<0.001, R2=0.26, n=40).
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Mean subject Characteristics by Group.

Table 1

(birth to 4 months) (g)

Characteristicl NW (n=26) | OW/Ob (n=22) | Whole Cohort (n=48) p_\,a|uez
Maternal Age (yr) 30.8+2.6 30.3+3.9 30.6+3.2 0.66
Pre-pregnancy BMI (kg/m?) | 21420 | 30442 25555 <0.0001
Vaginal Delivery (%) 81% 68% 75% 0.33
Gestational Age (wks) 39.9+0.7 399+1.2 39.9+0.9 0.99
Gestational Weight Gain (Ibs) | 33.0+9.5 32.9+16.0 33.0+12.6 0.96
Infant Sex (% male) 42% 78% 58% 0.014
Infant birth weight (g) 3227352 | 3689 £ 490 3439 + 477 0.0053
Infant weight gain 3012 £584 | 3157 +692 3078 + 633 0.96°

1
Data presented as mean + SD

2 . . .
Comparison between NW vs OW/Ob groups assessed via t-test for independent groups.

3Contro|led for infant sex
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