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Accelerated growth in postnatal life in low birth weight infants has been associated with
insulin resistance and metabolic syndrome-related disorders in later life. Postnatal accel-
erated growth in also common in normal birth weight infants, but little is known about the
impact on metabolic health. In a prospective cohort study of 203 term normal birth weight
infants, we evaluated the impacts of accelerated (Aweight Z score > 0.5) or decelerated
(Aweight AZ < —0.5) growth during early (0-3 months) and late (3—12 months) postnatal
life on metabolic health indicators at age 1-year. The primary outcomes were homeostasis
model assessment of insulin resistance (HOMA-IR), p-cell function [homeostasis model
assessment of B-cell function (HOMA-B)], and fasting plasma lipids. Adjusting for mater-
nal, paternal, and infant characteristics, accelerated growth during the first 3 months
of life was associated with a 41.6% (95% confidence interval 8.9-84.2%) increase in
HOMA-B, and a 8.3% (0.7-15.4%) decrease in fasting plasma total cholesterols, and
was not associated with HOMA-IR in infants at age 1-year. Accelerated growth during
3-12 months was associated with a 30.9% (3.3-66.0%) increase in HOMA-IR and was
not associated with HOMA-p. Neither accelerated nor decelerated growth was associ-
ated with fasting plasma triglycerides, high-density lipoprotein or low-density lipoprotein
cholesterol concentrations in infants at age 1-year. Accelerated growth during early
postnatal life may be beneficial for p-cell function, but during late postnatal life harmful
for insulin sensitivity in normal birth weight infants.

Keywords: infant, postnatal accelerated growth, insulin sensitivity, beta-cell function, fasting blood cholesterols

Abbreviations: HOMA-IR, homeostasis model assessment of insulin resistance; HOMA-p, homeostasis model assessment of
B-cell function; TC, total cholesterols; LDL, low-density lipoprotein; HDL, high-density lipoprotein; (T + S) skinfold, the sum
of triceps and subscapular skinfold thickness.
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INTRODUCTION

Preterm and/or low birth weight infants often have postnatal catch-
up or accelerated growth (usually defined as Aweight Z score > 0.5
or 0.67) which has been consistently associated with insulin resistance
and metabolic syndrome-related disorders (e.g., type 2 diabetes) in
later life (1-8). Accelerated growth during early postnatal life (the
first 2-4 months) appears to be particularly important for metabolic
health in later life (5, 9, 10), but whether the adverse metabolic
health impact may be evident as early as in infancy is unclear.
Although low birth weight subjects are at elevated risk (about
1.5-fold) of type 2 diabetes in adulthood (11), the vast majority of
patients with type 2 diabetes are not low birth weight. It is now
increasingly recognized that adverse metabolic programming in
early life may occur irrespective of birth weight (12). Considering
the adverse metabolic health impact of postnatal accelerated
growth in low birth weight subjects, it is plausible that such acceler-
ated growth may also have an adverse metabolic health impact in
normal birth weight infants. Accelerated or decelerated postnatal
growth is common in normal birth weight infants, yet there is a
scarcity of data on the metabolic health impact in these infants.
Itis unknown whether the metabolic health impact may be different
for accelerated growth during early vs. late postnatal life in the first
year of life, a rapid growth period which may be critical for long-
term metabolic health. Studies have been focused on the metabolic
health impact of postnatal accelerated growth, and there is a lack of
data on postnatal decelerated growth. To address these data gaps,
we sought to determine whether accelerated or decelerated growth
during early (0-3 months) or late (3-12 months) postnatal period is
associated with metabolic health indicators in infants at age 1-year.

MATERIALS AND METHODS
Study Population

This study was based on a prospective pregnancy cohort study
described previously (13-16). Here, we presented the new data
on infant follow-ups to assess the impacts of postnatal accelerated
or decelerated growth on metabolic health indicators in infants.
Briefly, 339 healthy women bearing a singleton non-malformation
fetus without pre-existing diabetes, chronic hypertension, endo-
crine disorders, or other severe maternal illnesses were recruited
at 24-28 weeks of gestation between August 2006 and December
2008 in three obstetric care centers in Montreal. The women were
followed up at delivery (n = 307), and the infants were followed
up at 3 months (n = 280) and 1 year (n = 241) of age. This study
included all 203 normal birth weight babies with postnatal growth
data and fasting infant blood specimen available for biomarker
assays (Figure 1). The study was approved by the research ethics
committee of Sainte-Justine hospital research center, University
of Montreal. Written informed consent was obtained from all
study participants.

Data and Specimen Collections in Infant
Follow-ups

Data and specimen collections up to delivery were described
previously (13). Here, we described the infant follow-up data and
specimen collection procedures.

Recruitment at 24-28 weeks
of gestation (n=339)

Lost to follow up (n=32) ‘

Delivery/Birth
(n=307 singleton infants)

Lost to follow up (n=27) |

Infants at age 3-months
(n=280)
H Lost to follow up (n=39) ‘

Infants at age 1-year
(n=241)

—

Infants with fasting blood available
(The present study, n=203)

! ! !

AWeight Z <-0.5
0-3 months: n=68
3-12 months: n=26

No specimen (n=23)
Preterm/low birthweight
(n=15)

AWeight Z >0.5
0-3 months: n =51
3-12 months: n=45

AWeight Z -0.5 to 0.5
0-3 months: n=84
3-12 months: n=132

FIGURE 1 | Selection of study participants in a birth cohort.

At 3 and 12 months (1-year) of age, infants were followed up
for data collection on feeding and growth measurements. Infant
feeding was classified as any breastfeeding or non-breastfeeding.
Infant’s length was measured in supine position by the 447
Infantronic Digital Infantometer (QuickMedical, Seattle, WA,
USA) to the nearest 0.1 cm. Weight was measured by an electronic
weighting scale to the nearest gram (g). Skinfold thickness at
triceps and subscapular positions was measured by a Harpenden
skinfold caliper (Baty International, West Sussex, England) to the
nearest 0.1 mm. All anthropometric measurements were taken
twice, and the average values were used in the final analysis data.
All follow-ups and anthropometric measurements were done by
a trained pediatric research nurse.

Accelerated or Decelerated Growth

Weight and length z scores (for sex and gestational age) at birth,
3, and 12 months of age were calculated using the WHO child
growth standards (17). We calculated the changes (A) in weight z
scores between 0-3 and 3-12 months of age. Accelerated growth
was defined as a 0.5 or greater increase in weight z scores between
0-3 and 3-12 months of age (5). Similarly, decelerated growth
was defined as a 0.5 or greater decrease in weight z scores between
0-3 and 3-12 months of age.

Infant Blood Sampling

At 12 months of age, a morning fasting blood sample was collected
from the infant. A 0.5-ml fluoride (stopping glucose oxidation)
tube of blood was specifically collected for the glucose assay. The
blood specimens were kept on ice, and centrifuged within 30 min
after specimen collection. The separated plasma samples were
stored in multiple aliquots in a —80°C freezer until assays.

Biochemical Assays
The assays of plasma glucose and insulin followed the protocols
described previously (13). Plasma lipids [triglycerides, high-density
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lipoprotein (HDL), low-density lipoprotein (LDL), and total choles-
terols (TC)] (mmol/l) were measured with an automated multian-
aylser (Unicel DXC 880i, Beckman Coulter). The intra-assay and
inter-assay coeflicient variations of these assays were lower than
3.0%. All biochemical assays were completed in the Sainte-Justine
clinical biochemistry lab at 12-18 months after the specimen col-
lection. There were no significant correlations between storage time
and measurement values in all measured biomarkers (all p > 0.1).

Outcomes

The primary outcomes were homeostasis model assessment of
insulin resistance (HOMA-IR) and f-cell function [homeostasis
model assessment of p-cell function (HOMA-B)] and fasting
plasma lipids (TC, triglycerides, HDL, and LDL cholesterols) in
infants at age 1-year. HOMA-IR was calculated as fasting insulin
(mU/1)*fasting glucose (mmol/1)/22.5, HOMA- as fasting insu-
lin (mU/1)/[fasting glucose (mmol/1) —3.5] (18). Other outcomes
included weight-for-length z score [WHO child growth standards
(17)], body mass index (BMI) and skinfold thickness (triceps and
subscapular positions) as indicators of body fat (19).

Statistical Analysis

The primary exposures of interest were accelerated or decelerated
growth during 0-3 and 3-12 months of age. The co-variables
included maternal height (SD score), pre-pregnancy BMI (SD
score), biological father’s height (SD score) and BMI (SD score),
maternal family history of diabetes (yes/no, among first-degree
relatives), ethnicity (White, other), age (maternal age <35 and
>35 years), parity (primiparous: yes/no), prenatal smoking (yes/
no), alcohol use (yes/no), gestational diabetes (yes/no), gestational
hypertensive disorders (yes/no), mode of delivery (cesarean,
vaginal), infant sex, gestational age (weeks), birth weight (z score),
and breast feeding (yes/no). Biomarker variables (positively
skewed crude data distributions) were log-transformed in the
comparisons for differences between groups. Generalized linear
regression models were used to assess the differences adjusting for
multiple co-variables. For log-transformed biomarker outcomes,
we calculated the adjusted % differences in the original scale
between two groups according to the regression coefficients. The
sample size is sufficient in multivariate regression models since
linear models require a minimal of two subjects per variable (20).
Data management and analyses were conducted using Statistical
Analysis System (SAS), Version 9.4 (SAS Institute, Cary, NC,
USA). Two-tailed p values <0.05 were considered statistically
significant.

RESULTS

Parental, Pregnancy, and Infant

Characteristics

Table 1 shows maternal, pregnancy, and infant characteristics
of the birth cohort (n = 203). The majority of mothers were
white (about 70%). About a quarter of mothers were older than
35 years, and 17% of mothers had a family history of diabetes. The
mean pre-pregnancy BMI was 23.8 kg/m” The mean birth weight
was 3,458 g. About 90% of infants were breast-fed. The average

changes in weight z scores were close to 0 during both 0-3 and
3-12 months of postnatal age.

Infant Metabolic Health Biomarkers by

Postnatal Growth Pattern

Table 2 presents the descriptive statistics on BMI, skinfold thick-
ness, HOMA-IR, HOMA f, and fasting blood TC, triglycerides,
LDL, HDL cholesterol concentrations in infants at age 1-year
stratified by postnatal growth pattern (accelerated, normal, or
decelerated). Compared to infants with normal weight gains,
infants with accelerated growth during 0-3 or 3-12 months of

TABLE 1 | Parental, pregnancy, and infant characteristics of the study birth
cohort (n = 203).

Characteristic Median, mean + SD or n (%)

Mothers
Ethnicity: white 142 (70.0)
Age (years) 31.0,31.1 + 4.6
Family history of diabetes 34 (16.8)
Gestational diabetes 11 (5.4)
Gestational 10 (4.9)
hypertension
Height (cm) 165.0, 164.6 = 6.3
Pre-pregnancy BMI 22.4,23.8+4.9
Fathers
Height (cm) 177.0,177.7 + 7.4
BMI (kg/m?) 25.6,26.3 +4.0
Newborns
Gender, male 106 (52.2)
Gestational age (weeks) 39.0,39.2+1.4
Birth weight (z score) 0.04,0.08 + 0.9
Birth weight (g) 3,450, 3,458 + 403
Birth length (cm) 51.0,50.7 = 2.1

Infant growth

AWeight Z, 0-3 months -0.11, -0.07 +£ 0.9

3-12 months 0.12,0.156 £ 0.7
Infants at 3 months
Breastfeeding 184 (90.1)
Weight (kg) 6.4,6.3+0.7
Length (cm) 61.7,61.7 + 2.3
(T + ) skinfold (mm) 16.6, 16.7 + 3.2
Infants at 12 months
Weight (kg) 9.8,99+15
Length (cm) 76.4,76.6 + 3.1
(T + ) skinfold (mm) 16.9,16.1 + 3.1
BMI (kg/m?) 17.0,16.9+ 1.6
Fasting blood (1-year)
Glucose, mmol/I 45,45+0.6
Insulin, pmol/| 20.8,25.6 + 16.8
HOMA-IR 0.7,09+0.7
HOMA-B, % 74.0,96.3 +77.9
Lipids (mmol/l)
Triglycerides 1.0,11+05
HDL 1.2,1.2+0.3
LDL 2.7,28+08
TC 44,44 +09

Data presented are median, mean + SD for continuous variables, and n (%) for
frequency variables.

(T + S) skinfold, sum of triceps and subscapular skinfold thickness (mm); BMI, body
mass index (kg/m?); HOMA-IR, homeostasis model assessment of insulin resistance;
HOMA-B, homeostasis model assessment of p-cell function; TC, total cholesterols;
LDL, low-density lipoprotein; HDL, high-density lipoprotein.
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TABLE 2 | Metabolic health outcomes in infants at age 1-year by postnatal growth pattern (accelerated, normal, and decelerated) during 0-3 and 3-12 months of age
(n = 203).

AWeight Z 0-3 months AWeight Z 3-12 months

Outcome Accelerated Normal Decelerated Accelerated Normal Decelerated
>0.5 —0.5t0 0.5 <-0.5 >0.5 —0.5t0 0.5 <-0.5

BMI, kg/m? 17.4+0.2 16.9 +£0.2 16.5 + 0.2° 17.6 + 0.22 16.7 £ 0.1 16.3+0.3
Weight-for-length, z score 0.8 + 0.12 0.3+ 0.1 —0.04 + 0.1° 0.9 + 0.22 0.2+ 0.1 -0.1+0.2
(T + ) skinfold, mm 17.5 + 0.4° 156.6 + 0.3 1567+ 0.4 17.2 + 0.5° 16.0+ 0.3 15.0 + 0.5°
HOMA-IR 0.92 +0.08 0.88 + 0.07 0.85 +0.08 1.1+ 0.1° 0.82 +£0.05 0.85 + 0.1
HOMA-B, % 1183+ 15.6 86.4 + 7.1 921+7.6 1011 £ 14.4 96.2 + 6.8 90.4 +11.1
Lipids, mmol/I

TC 4.2+ 01 4.5+0.1 4.4 +0.08 4.5+0.1 4.4 +0.08 4.3+0.2
Triglycerides 1.0+ 0.07 1.1 +0.06 1.05 £ 0.05 1.1+01 1.0+ 0.04 1.2+02
LDL 2.6+ 0.1 29+01 2.8 +£0.07 2.8+0.1 2.8 +0.07 27+02
HDL 1.1+£0.04 1.2+0.03 1.2+0.03 1.2+0.04 1.2+0.02 1.1+0.1

Data presented are mean + SE.

#p < 0.001, Pp < 0.01, °p < 0.05, compared to the normal (AZ score —0.5 to 0.5) reference group, in the analysis of variance tests for differences; the log-transformed data were
used for biomarkers in the comparisons; data in bold font: p < 0.05 compared to the normal growth reference group.

(T + S) skinfold, sum of triceps and subscapular skinfold thickness (mm); HOMA-IR, homeostasis model assessment of insulin resistance; HOMA-B, homeostasis model assessment
of p-cell function,; TC, total cholesterol; LDL, low-density lipoprotein;, HDL, high-density lipoprotein; BMI, body mass index.

TABLE 3 | Adjusted changes (%) in infant metabolic health outcomes in infants at age 1-year comparing accelerated or decelerated growth to normal growth infants
during 0-3 and 3-12 months of age (n = 203).

AWeight Z 0-3 months AWeight Z 3-12 months

Outcome? Accelerated Decelerated Accelerated Decelerated
>0.5 <-0.5 >0.5 <-0.5

BMI, kg/m? 1.1 (0.6, 1.5)* —1.0 (-1.5, —0.6)* 1.0 (0.5, 1.5)° —1.0 (-1.6, —0.4)*
Weight-for-length, z score 0.9 (0.6, 1.2)7 -0.8 (—1.1, —0.6)? 0.8 (0.6, 1.1)? -0.8 (—1.1, —0.4)7
(T + ) skinfold, mm 2.7 (1.6, 3.7)2 -0.7 (-1.7,0.9) 1.5 (0.5, 2.5)° -1.5(-2.8, —0.2)°
HOMA-IR 12.7 (12.8, 45.5) -0.5(-22.0,27.1) 30.9 (3.3, 66.0)° -12.9(-36.4, 19.3)
HOMA-p 41.6 (8.9, 84.2)° —5.2 (—26.4, 22.0) —-1.6(-22.9, 25.7) —11.1 (-35.9, 23.1)
TC -8.3 (-15.4, —0.7)° -1.3(-8.7,6.6) 4.9 (-2.8,13.3) 2.6 (-7.0,13.1)
Triglycerides -8.3(-20.8, 6.2) -2.8(-15.7,12.0) 12.8(-2.0, 29.8) 18.7 (0.8, 42.1)
LDL -9.5(-19.2,1.4) -1.8(=12.0, 9.6) 4.5(-6.2,16.6) 0.3(-12.7,15.3)
HDL —4.7 (-13.0, 4.5) 0.3(-8.2,9.7) 4.7 (-4.2,14.3) —4.7 (-14.8, 6.6)

20 < 0.001, bp < 0.01, °p < 0.05, compared to the “normal” (AZ score —0.5 to 0.5) reference group; data in bold font: p < 0.05 compared to the normal growth reference group.
9Data presented are the adjusted % changes for biomarkers (HOMA-IR, HOMA-, lipids), in mm for skinfold thickness, in kg/m? for BMI, as compared to the reference normal growth
group (AZ score —0.5 to 0.5). The effect estimates were adjusted for parental and infant characteristics including maternal ethnicity, age, parity, height, pre-pregnancy BMI, prenatal
smoking, alcohol use, family history of diabetes, gestational diabetes, gestational hypertension, biological father’s height and BMI, infant sex, mode of delivery, gestational age
(weeks), birth weight (z score), and breast feeding, based on generalized linear models.

(T + S) skinfold, sum of triceps and subscapular skinfold thickness (mm); HOMA-IR, homeostasis model assessment of insulin resistance; HOMA-B, homeostasis model assessment
of p-cell function; TC, total cholesterol; LDL, low-density lipoprotein; HDL, high-density lipoprotein; BMI, body mass index.

(95% CI: 8.9-84.2%) increase in HOMA-B (p = 0.01), an 8.3%
(0.7-15.4%) decrease in fasting plasma TC (p = 0.03), and a 2.7

life age had higher skinfold thickness at age 1-year, while those
with decelerated growth during 3-12 months of age had lower

skinfold thickness. Infants who had accelerated growth during
3-12 months of age had higher HOMA-IR at age 1-year. There
were no differences in fasting plasma lipids between infants with
accelerated or decelerated growth vs. infants with normal weight
gain.

Table 3 presents the changes (95% CI) in metabolic health
outcomes at age 1-year comparing infants with accelerated or
decelerated growth to infants with normal growth adjusted for
maternal, paternal and infant characteristics. Accelerated growth
during the first 3 months of life was associated with a 41.6%

(1.6,3.7) mm increase in the sum of triceps and subscapular skin-
fold thickness, but was not associated with HOMA-IR in infants
at age 1-year. Accelerated growth during 3-12 months of life
was associated with a 30.9% (3.3-66.0%) increase in HOMA-IR
(p=0.03), and a 1.5 (0.5, 2.5) mm increase in the sum of triceps
and subscapular skinfold thickness, but was not associated with
HOMA-. As expected, during both 0-3 and 3-12 months of age,
accelerated growth was associated with higher BMI and weight-
for-length z scores, while decelerated growth was associated with
lower BMI and weight-for-length z scores in infants at age 1-year.
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DISCUSSION
Main Findings

Our study is the first to reveal potentially differential metabolic
health impacts of accelerated growth during early vs. late post-
natal periods during the first year of life in normal birth weight
infants. Accelerated growth during the first 3 months appears to
be beneficial for f-cell function, but during 3-12 months harmful
for insulin sensitivity in infants at age 1-year.

Postneonatal Accelerated Growth and
Metabolic Health

There is a scarcity of data on the relationship between accelerated
growth, insulin sensitivity, and p-cell function in infancy. We are
aware of only one study—Soto and colleagues studied 85 small
for gestational age (SGA) and 23 birth weight appropriate for
gestational age (AGA) infants, and found that accelerated growth
in SGA infants during the first year of life was associated with
increasedinsulin resistance (21).In contrast, ina prospective cohort
of modest sample size (n = 203), we first discovered the timing-
dependent impacts of accelerated growth in early (first 3 months)
vs. late postnatal (3—12 months of age) periods on metabolic health
in infancy. Accelerated growth during the first 3 months of life was
associated with higher B-cell function and lower fasting blood TC,
but during 3-12 months of life was not. Crude mean HOMA-f
was 31.9% higher in infants with accelerated growth compared to
those with normal growth during the first 3 months of life (mean:
118.3 vs. 86.4%). This difference did not reach statistically signifi-
cance (p = 0.11) in the crude comparison (Table 2), but became
significant (p = 0.01) after the adjustments (Table 3), suggesting
that the crude comparison was clouded by confounding factors. In
contrast, accelerated postnatal growth during 3-12 months of life
was associated with higher insulin resistance.

As expected, accelerated growth during either early or late
postnatal period was associated with greater skinfold thickness
at age 1-year. Accelerated weight gain may come along with some
fat deposition in subcutaneous tissue.

Postneonatal Decelerated Growth and
Metabolic Health

We are unaware of any research data on the relationship between
decelerated growth and metabolic health in normal birth weight
infants. As expected, decelerated growth in either the 0-3 or
3-12 months was associated with lower BMI at age 1-year.
Decelerated growth during 3-12 months was also associated with
lower skinfold thickness. However, decelerated growth in either
period was not associated with HOMA-IR or HOMA-f.

Are the Findings Consistent with Evidence

in Animal Models?

The observed positive association between early postnatal accel-
erated growth and HOMA-f in infant at age 1-year is consistent
with the findings in animal studies. It has been shown that insulin
secretion in 20-day-old mice was decreased significantly as a con-
sequence of restricted nutrient intake during the suckling period
(22), and greater weight gain during the suckling period could
improve P-cell function in neonatal mice (23).

Strengths and Limitations

Strengths of the study include the high rates of infant follow-up
and fasting blood specimen collection, and the analyses account-
ing for prenatal and postnatal potential confounding factors. One
limitation is that the HOMA insulin resistance and p-cell function
indices are based on glucose and insulin concentrations in a sin-
gle fasting blood sample. Studies using more invasive techniques
with multiple blood samplings (e.g., intravenous glucose toler-
ance test) may yield more accurate estimates of insulin resistance
and p-cell function, but such procedures are not so acceptable to
most parents of small infants. However, HOMA-IR and HOMA-
have been validated against the gold standard methods—the
euglycemic-hyperinsulinemic clamp and first-phase insulin
secretion on intravenous glucose tolerance test in children (24).
The study was based on a Canadian birth cohort (the majority
are Caucasians). Further studies in other countries/regions are
required to understand the generalizability of the study findings.

CONCLUSION

Accelerated growth during early postnatal life (the first 3 months)
may be beneficial for B-cell function, but during late postnatal
life (3-12 months) detrimental for insulin sensitivity in normal
birth weight infants at age 1-year. The findings suggest differential
impacts of early vs. late postnatal accelerated growth on metabolic
health in normal birth weight infants.
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