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AbsTrACT
Objective To compare postdischarge growth, adiposity 
and metabolic outcomes of appropriate for gestational 
age (AGA) versus small for gestational age (SGA) 
premature infants fed an exclusive human milk (HM)-
based diet in the neonatal intensive care unit.
Design Premature infants (birth weight ≤1250 g) fed 
an exclusive HM-based diet were examined at 12–15 
months corrected gestational age (CGA) (visit 1) for 
anthropometrics, serum glucose and non-fasting insulin, 
and at 18–22 months CGA (visit 2) for body composition 
by dual-energy X-ray absorptiometry.
results Of 51 children, 33 were AGA and 18 were SGA 
at birth. The SGA group had weight gain (g/day) equal 
to AGA group during the follow-up period. SGA had 
a significantly greater body mass index (BMI) z-score 
gain from visit 1 to visit 2 (0.25±1.10 vs −0.21±0.84, 
p=0.02) reflecting catch-up growth. There were no 
significant differences in total fat mass (FM) and trunk 
FM between groups. SGA had significantly lower insulin 
level (5.0±3.7 vs 17.3±15.1 µU/mL, p=0.02) and 
homeostatic model of assessment-insulin resistance 
(1.1±0.9 vs 4.3±4.1, p=0.02). Although regional trunk 
FM correlated with insulin levels in SGA (r=0.893, 
p=0.04), they had lower insulin level compared with 
AGA and no difference in adiposity.
Conclusions SGA premature infants who received 
an exclusive HM-based diet exhibited greater catch-up 
growth without increased adiposity or elevated insulin 
resistance compared with AGA at 2 years of age. An 
exclusive HM-based diet may improve long-term body 
composition and metabolic outcomes of premature 
infants with ≤1250 g birth weight, specifically SGA.

InTrODuCTIOn
Mother’s own milk has been shown to offer substan-
tial benefits for the health and nutritional status 
of premature infants.1 An entirely human milk 
(HM)-based diet is composed of mother’s milk or 
donor HM plus a donor HM-derived fortifier and 
is designed for premature infants in the neonatal 
intensive care unit (NICU).2 Donor HM products 
have demonstrated multiple benefits to premature 
infants when compared with a bovine-derived diet, 
including decreased necrotising enterocolitis, bron-
chopulmonary dysplasia, retinopathy of prema-
turity and late-onset sepsis.3 In premature infants, 
growth failure remains a common problem. Thus, 

a fortifier or a nutrient supplement may be added 
to the HM or donor HM to provide the total 
nutritional needs of very low birth weight (VLBW) 
premature infants.4 

Hair et al reported that infants with a birth 
weight (BW) ≤1250 g fed an exclusive HM-based 
diet with early and rapid advancement of fortifi-
cation had better in-hospital growth than other 
HM-fed cohorts and had a low postnatal growth 
failure rate at discharge (43%).5 However, rapid 
catch-up growth for premature infants, especially 
small for gestational age (SGA) infants, in early 
childhood has been linked to metabolic disorders 
and central adiposity.6

Singhal et al found that premature infants who 
received HM compared with formula had less asso-
ciation with metabolic syndrome when they reached 

What is already known on this topic?

 ► An exclusive human milk (HM)-based diet is 
designed for premature infants in the neonatal 
intensive care unit (NICU).

 ► Very low birth weight (VLBW) infants fed an 
exclusive HM-based diet had better growth 
than other HM-fed cohorts and had a low 
postnatal growth failure rate at discharge.

 ► Rapid catch-up growth for premature infants, 
especially small for gestational age (SGA) 
infants, in early childhood has been linked to 
metabolic disorders and central adiposity.

What this study adds?

 ► VLBW premature appropriate for gestational 
age (AGA) and SGA children fed an exclusive 
HM-based diet in the NICU had acceptable 
growth at 1 and 2 years of age.

 ► SGA children had greater catch-up growth later 
without increased adiposity or increased insulin 
resistance compared with AGA children at 2 
years of age.

 ► An exclusive HM-based diet may improve long-
term body composition and metabolic outcomes 
of VLBW premature infants, especially SGA 
infants.
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adolescence.7 Insulin resistance in children has also been associ-
ated with premature delivery, SGA and rapid catch-up growth in 
SGA infants at 1 year of age.4 8–10 In adults with cardiovascular 
disease and type 2 diabetes, postinfancy early childhood weight 
gain and body mass index (BMI) were important factors for both 
body fat mass (FM) and consequent diseases.11 The role of SGA in 
insulin resistance remains controversial due to conflicting study 
findings. Studies have shown that neither SGA nor premature 
infants confer greater risk of insulin resistance.8 12 Conversely, 
Bazaes et al found that preterm SGA children showed lower 
insulin sensitivity compared with their premature appropriate 
for gestational age (AGA) peers.13

No published studies to date have evaluated postdischarge 
development of total and central body FM and the relationship 
to insulin resistance in premature SGA children fed an exclu-
sive HM-based diet while in the NICU. Therefore, we assessed 
and compared longitudinal growth, adiposity and metabolic 
outcomes of premature AGA and SGA infants who received this 
exclusive HM-based diet protocol.

MeThODs
This was a single-centre, longitudinal cohort study of prema-
ture infants admitted to the NICU of Texas Children’s Hospital 
(Houston, Texas, USA) between August 2010 and December 
2011. The inclusion criteria were premature infants with a gesta-
tional age (GA) of <37 weeks, BW of ≤1250 g, fed an exclu-
sive HM-based diet in the NICU until approximately 34 weeks 
postmenstrual age and ability to maintain their postdischarge 
follow-up at Texas’s Children Hospital. As stated previously, 
infants were fed a standardised feeding protocol providing an 
estimated 4 g/kg/day of HM protein. This amount was derived 
from an estimation without using a HM analysis machine.5 SGA 
was defined as <10th percentile on Olsen growth curve.14 The 
exclusion criteria were no enteral feeding by 4 weeks of life, 
clinically significant congenital heart disease and major congen-
ital anomalies.

The Institutional Review Board of Baylor College of Medicine 
and Affiliated Hospitals approved this study. Parental written 
informed consents were obtained, and the infants enrolled 
into the study. Data were prospectively collected from birth to 
discharge from the previous study involving this cohort.5 Two 
outpatient study visits took place in the Metabolic Research 
Unit at the United States Department of Agriculture/Agricul-
tural Research Service Children’s Nutrition Research Center 
between February 2012 and May 2014. The first visit (visit 
1) was performed at 12–15 months corrected gestational age 
(CGA). Parents provided an interim medical history, demo-
graphic information, a nutrition history of the infant’s overall 
intake at discharge and a 24 hour dietary recall at visit 1 and visit 
2 that were used to calculate energy intake by using Nutrition 
Data System for Research nutrient analysis software (Minne-
apolis, Minnesota).15 Baseline anthropometric measurements 
were prospectively collected from the infants including weight, 
length and head circumference (HC) using the same scales and 
length boards. All anthropometric measurements at birth and 
NICU discharge were assigned corresponding percentiles based 
on Olsen growth data.14 Based on the WHO 2007 growth 
reference, visit 1 and visit 2 anthropometrics were converted 
to percentiles for corrected age.16 Non-fasting random serum 
glucose and insulin levels were obtained at visit 1. Non-fasting 
homeostatic model of assessment-insulin resistance (HOMA-IR) 
was calculated from (insulin × glucose)/22.5.17 The second visit 
(visit 2) was at 18–22 months CGA. Data collection was similar 

to the first visit, except it included dual-energy X-ray absorpti-
ometry (DXA) but did not include labs. DXA has been exten-
sively studied to evaluate body composition in children and has 
exhibited high accuracy and precision.18 Reference standards 
already exist for term infants at 12–23 months of age.19 20 To 
evaluate body composition, FM or lean mass (LM) in kilograms 
divided by the square of height in metres (kg/m2) was used to 
calculate fat mass index and lean mass index, respectively.21

Descriptive statistics were used to summarise all quantitative 
data. Qualitative data were summarised using proportions and 
percentages. Continuous variables were reported as mean±SD 
and compared between the AGA and SGA groups by an indepen-
dent sample t-test, while categorical variables were reported as 
frequencies and percentages and compared using the χ2 test. A 
paired t-test was used to test for significant changes at different 
time points. In order to accommodate the repeated measure-
ments on the same individuals, mixed effects linear models 
with a first-order autoregressive covariance structure were used 
to compare AGA versus SGA patients’ weight, length and HC 
percentiles over time (birth, discharge, visit 1 and visit 2). We 
evaluated the correlation between growth, body composition 
and insulin level in each group and assessed the relationship of 
growth with the parameters of body composition and insulin 
level using Pearson’s correlation coefficient. Linear regression 
analysis was used to compare SGA with AGA patients after 
adjusting for gestational age (GA) and diet at discharge. Statis-
tical significance was defined as a p value <0.05. Analyses were 
completed using SPSS V.22.0.

resulTs
Fifty-one infants were enrolled in this study, with 33 infants in 
the AGA group and 18 in the SGA group. The interim medical 
history, demographic data, nutrition history of the infant’s 
overall intake at discharge and 24 hours dietary recalls at visit 1 
and visit 2, as well as baseline characteristics of AGA and SGA 
infants, are presented in table 1. Energy and nutrients were not 
significantly different between groups at visit 1 and visit 2. There 
were no significant differences in baseline characteristics except 
GA between groups, and we anticipated that SGA usually have 
greater GA than AGA infants. A significantly higher propor-
tion of SGA infants were discharged on a diet with breast milk 
(p=0.04).

The outcomes at follow-up evaluations are shown in table 2.
The AGA and SGA children had weight gain around 15–20 g/

day during the follow-up period. The SGA group had weight 
gain (g/day) equal to the AGA group from discharge to visit 1, 
and significantly greater BMI z-score gain from visit 1 to visit 2 
(0.25±1.10 vs −0.21±0.84, p=0.02). After controlling for GA 
and diet at discharge, the SGA group had significantly greater 
BMI z-score gain from visit 1 to visit 2 (p=0.004, table 2). Weight 
and HC percentiles increased significantly over time in both 
groups (p=0.022 and p=0.002, respectively) (figure 1). Length 
of stay was significantly associated with weight gain (g/kg/day) 
prior to discharge in the AGA group (R2=0.312, p<0.001) and 
the SGA group (R2=0.026, p<0.001), but significant associa-
tions were not observed at any other time periods.

There was no difference in body composition between the two 
groups (table 2). Weight gain and length gain in hospital did not 
correlate with FM but positively correlated with LM in the SGA 
group (r=0.696, p=0.02 and r=0.671, p=0.02, respectively). 
Interestingly, the SGA children had significantly lower non-fasting 
insulin level (p=0.001) and non-fasting HOMA-IR (p=0.001) 
compared with the AGA children (table 2). Moreover, regression 
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analysis showed significant difference in the change of insulin 
level and HOMA-IR between groups after adjusting for GA and 
diet at discharge (p=0.02). The mean glucose levels were signifi-
cantly lower for SGA infants (p=0.03) in the bivariate analysis; 
however, the association just misses the cut-off for significance 
(α=0.05) after adjusting for GA and diet at discharge (p=0.06, 
table 2). There were no significant correlations between rates of 
catch-up growth and insulin level. In the SGA group, there was 
a positive correlation between regional trunk FM and insulin 
levels (r=0.893, p=0.042). However, these correlations were 
not observed in the AGA group (figure 2).

DIsCussIOn
We have previously reported that premature infants ≤1250 g 
BW fed an exclusive HM-based diet showed superior in-hospital 
growth5; this follow-up study assessed long-term outcomes of 
the cohort. These infants had a lower rate of postnatal growth 
failure compared with the reference values derived from VLBW 

infants fed HM and donor HM.22–24 To the best of our knowl-
edge, this is the first study evaluating long-term postdischarge 
growth, adiposity and insulin resistance of AGA and SGA prema-
ture infants who received an exclusive HM-based diet.

In our study, the AGA and SGA children had an acceptable 
growth based on the increase in weight (g/day) and BMI z score 
per WHO growth standards as well as weight, length and HC 
percentiles.16 25 26 Figure 1 shows that SGA and AGA infants 
had catch-up growth over time and did not have growth failure 
(weight <10th percentile) at 1 and 2 years of age, suggesting that 
these infants received adequate nutrients and energy from the 
exclusive HM feeding protocol in the NICU and after hospital 
discharge, resulting in subsequent adequate catch-up growth. 
The AGA children had equal weight gain to the SGA children 
from discharge to visit 1, while the SGA group significantly 
gained more BMI z-score from visit 1 to visit 2. These findings 
likely reflect that the SGA children were still achieving catch-up 
growth until 18–22 months CGA. Similarly to our study, 
previous reports demonstrated SGA children mainly completed 
their catch-up growth and weight gain by 2 years.27 28 None-
theless, some studies have reported that SGA infants failed to 
achieve catch-up growth within 12 months CGA and had weight 
impairment at 2 years, irrespective of feeding protocol.29 30

We evaluated body composition and its associations with 
growth in preterm infants because preterm delivery and rapid 
postnatal weight gain have been shown to be associated with 
a high risk of adiposity.27 We found that SGA infants had 
catch-up growth later without greater adiposity than AGA 
infants, without significant differences in total FM and trunk FM 
between both groups. Weight gain and length gain in hospital 
did not correlate with FM but positively correlated with LM in 
the SGA group. These findings suggest that more appropriate 
growth with increase in weight and length gain in the imme-
diate postnatal period possibly led to a leaner body composition, 
perhaps decreasing the likelihood of developing insulin resis-
tance and diabetes later in life. Furthermore, they had adequate 
bone mineralisation as well as FM and LM comparable with 
those measured in age-matched term infants.19 20 31 A study in 
preterm AGA and SGA infants in Chile showed weight gain 
after term CGA positively correlated with FM and percentage of 
trunk FM at 6 years. Similarly to our study, their results of body 
composition were comparable between both groups; however, 
they found lower LM in SGA compared with AGA children.32 
Other studies have reported SGA children accumulated more 
body and abdominal fat compared with AGA children.27 31 Such 
early changes in SGA infants may increase the risk of long-term 
effects, including excessive total body and abdominal fat linked 
with insulin resistance, diabetes and cardiovascular disease in 
adults.33 We find it reassuring that SGA and AGA children in our 
cohort had similar body composition at 2 years of age and SGA 
children achieved catch-up growth without increased adiposity.

A relationship has been shown to exist between adiposity and 
insulin resistance in SGA infants.34 The SGA children might have 
changes in stature and body composition, especially increased 
FM; these may be factors in the pathogenesis of insulin resis-
tance.35 The regional trunk FM correlated with serum insulin 
levels in SGA infants; however, SGA infants still had significantly 
lower insulin levels compared with AGA infants and no differ-
ence in adiposity. We anticipated that SGA infants might not 
have metabolic consequences in the near future.

One of our main findings is that the SGA children had a signif-
icant lower insulin level compared with the AGA children. When 
compared with the insulin levels in the preterm children at 1.4 
years of age from another study, the insulin levels in our SGA 

Table 1 Baseline characteristics and parameter measurements for 
premature AGA and SGA infants receiving an exclusive human milk-
based diet

AGA (n=33) sGA (n=18) P values

Gender*

  Male 20 (60.6) 10 (55.6) 0.77

  Female 13 (39.4) 8 (44.4)

Race*

  White 7 (21.1) 8 (44.4) 0.13

  Black 12 (36.4) 6 (33.3)

  Hispanic 12 (36.4) 2 (11.1)

  Asian 2 (6.1) 1 (5.6)

  Other 0 (0) 1 (5.6)

Gestational age (week)† 26.4±1.9 29.3±2.8 <0.001‡

Birth weight (g)† 898.2±203.7 883.7±211.3 0.81

Birth length (cm)† 34.5±2.9 33.7±3.6 0.41

Birth HC (cm)† 23.9±1.9 24.9±2.1 0.07

Discharge weight (g)† 2850.3±783.7 2575±1011.9 0.04‡

Discharge length (cm)† 46.8±3.6 45.0±4.1 0.08

Discharge HC (cm)† 33.1±2.3 32.8±2.7 0.64

Length of stay (days)† 90.9±40.8 81.4±47.5 0.34

PMA at discharge (week)† 39.9±5.0 41.2±4.8 0.19

Oxygen at week 36* 12 (36.4) 7 (38.9) 0.86

NEC, septic ileus and others* 3 (9.1) 0 0.19

Rate of spontaneous intestinal 
perforation* 1 (3) 0 0.46

Drains for perforation* 1 (3) 0 0.46

Diet at discharge with breast 
milk* 14 (42.4) 13 (72.2) 0.04‡

Energy at visit 1 (kcal/day)† 1314±417.1 1251±399.8 0.60

Carbohydrate at visit 1 (g/day)† 174.5±67.5 154.1±62.6 0.35

Protein at visit 1 (g/day)† 50.6±18.7 52.4±25.3 0.95

Fat at visit 1 (g/day)† 53.8±42.1 47.8±16.8 0.99

Energy at visit 2 (kcal/day)† 1332±301.9 1396±318.9 0.25

Carbohydrate at visit 2 (g/day)† 169.1±50.4 167.1±43.2 0.99

Protein at visit 2 (g/day)† 54.9±15.0 63.9±26.7 0.16

Fat at visit 2 (g/day)† 49.3±12.9 53.4±18.0 0.38

*n (%), χ2 test p values.
†Mean±SD, independent samples t-test p values.
‡Statistically significant difference.
AGA, appropriate for gestational age; HC, head circumference; NEC, necrotising 
enterocolitis; PMA, postmenstrual age; SGA, small for gestational age.
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children were lower, while insulin levels in the AGA children 
were slightly higher. This is possibly due to the lower GA of 
the AGA infants in our study as Wang et al showed that plasma 
insulin levels in early childhood were inversely associated with 
GA.36 These findings suggest an exclusive HM-based diet in 
the NICU could lead to favourable metabolic outcomes in SGA 
children. Previous studies have shown no difference in insulin 
resistance between preterm AGA and SGA infants, possibly due 
to minimal metabolic effect from an intrauterine restriction 
before the third trimester of pregnancy.8 12 Nevertheless, other 
studies showed that preterm SGA had higher insulin resistance 

than preterm AGA children.9 13 Some studies have shown fasting 
insulin levels were mainly associated with weight gain rates early 
in life.10 37 However, weight and length gains in any periods of 
our study did not have significantly positive correlations with 
insulin levels. Thus, we contend that catch-up growth in the 
SGA group did not lead to increased insulin resistance. Due 
to the difference of GA and diet at discharge between the two 
groups, we did general linear model to adjust for GA and diet at 
discharge. The GA and diet at discharge had no greater effects 
on the classification of the two groups. The lower insulin level 
and HOMA-IR were demonstrated in the SGA group. These 

Table 2 Growth, growth velocity, body composition, non-fasting glucose, insulin level and HOMA-IR of premature AGA and SGA infants during 
follow-up visits (mean±SD for each group)

AGA (n=33) sGA (n=18) unadjusted P values* Adjusted P values†

Visit 1

  Corrected age (months) 14.1±1.0 13.9±1.0 0.31 0.50

  Weight (kg) 9.6±1.2 8.2±1.2 <0.001‡ 0.008‡

  Length (cm) 76.6±3.4 73.1±3.0 <0.001‡ 0.004‡

  BMI z-score −0.1±1.1 −0.98±1.4 0.02‡ 0.18

  HC (cm) 46.0±1.6 44.8±1.5 0.01‡ 0.04‡

Visit 2

  Corrected age (months) 19.2±1.2 19.9±1.4 0.06 0.05

  Weight (kg) 10.7±1.2 9.7±1.4 0.02‡ 0.15

  Length (cm) 82.8±4.6 80.0±5.3 0.07 0.05

  BMI z-score −0.38±1.4 −0.77±1.4 0.38 0.71

  HC (cm) 47.1±1.7 46.2±1.6 0.11 0.23

Discharge to visit 1

  Days from discharge 433.2±40.5 413.2±45.8 0.11 0.01‡

  Change in weight (g/day) 15.5±3.6 13.5±2.6 0.05 0.05

  Change in length (cm/week) 0.48±0.1 0.48±0.1 0.86 0.49

  Change in HC (cm/week) 0.21±0.04 0.20±0.03 0.64 0.04‡

Visit 1 to visit 2

  Days from visit 1 152.9±39.5 186.3±55.3 0.03‡ 0.03‡

  Change in weight (g/day) 23.2±14.4 20.5±14.9 0.53 0.26

  Change in length (cm/week) 0.28±0.16 0.24±0.11 0.37 0.13

  Change in HC (cm/week) 0.05±0.03 0.05±0.02 0.78 0.65

  Change in BMI z-score −0.21±0.84 0.25±1.10 0.02‡ 0.004‡

DXA (whole body scan)§

  BMC (g) 361.6±38.5 351.8±44.9 0.51 0.77

  BMD (g/cm2) 0.46±0.03 0.46±0.04 0.71 0.80

  FM (kg) 3.3±0.7 3.1±1.1 0.68 0.53

  FMI (kg/m2) 4.7±1.1 4.8±1.6 0.87 0.94

  LM (kg) 7.3±0.8 6.9±0.6 0.14 0.74

  LMI (kg/m2) 10.5±1.2 10.6±1.2 0.91 0.16

  % Fat 30±4.8 29.8±6.4 0.91 0.41

  Regional trunk FM (kg) 1.1±0.3 1.1±0.5 0.73 0.39

  Regional trunk FMI (kg/m2) 1.6±0.4 1.7±0.6 0.97 0.74

  Regional trunk LM (kg) 3.4±0.5 3.2±0.3 0.29 0.93

  Regional trunk LMI (kg/m2) 4.9±0.7 5.0±0.6 0.73 0.13

  Regional trunk %fat (%) 24.4±5.5 23.9±7.0 0.82 0.33

Glucose (mmol/L)¶ 5.3±0.5 4.9±0.4 0.03‡ 0.06

Insulin (µU/mL)¶ 17.3±15.1 5.0±3.7 0.02‡ 0.02‡

HOMA-IR¶ 4.3±4.1 1.1±0.9 0.02‡ 0.02‡

*Independent samples t-test p values.
†Linear regression p value after adjusting for gestational age and diet at discharge.
‡Statistically significant difference.
§For DXA whole body scan measurements, n=23 for AGA infants and n=11 for SGA infants.
¶For non-fasting glucose, insulin and HOMA-IR, n=19 for AGA infants and n=10 for SGA infants.
AGA, appropriate for gestational age; BMC, bone mineral content; BMD, bone mineral density; BMI, body mass index; DXA, dual-energy X-ray absorptiometry; FM, fat mass; FMI, 
fat mass index; HC, head circumference; HOMA-IR, homeostatic model of assessment-insulin resistance; LM, lean mass; LMI, lean mass index; SGA, small for gestational age.
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findings suggest that the exclusive HM-based diet could have 
more beneficial effect on insulin level in the SGA children.

The strength of this study is that it is the first to evaluate long-
term postdischarge growth, adiposity and non-fasting random 
insulin levels in VLBW premature infants fed an exclusive 
HM-based diet in the NICU, and the outcomes were compared 
between VLBW preterm AGA and SGA infants. Additionally, the 
relationship of growth with the parameters of body composition 
and insulin levels were assessed to determine the effects of this 
diet protocol on these two different groups. We did not have 
control groups of term AGA and term SGA infants to compare 
with our subjects to clearly determine insulin levels or sensitivity 
in preterm AGA and SGA infants to indicate that increase or 
decrease metabolic risk surrogates are due to prematurity alone 
or this diet protocol. Additionally, the infants’ fasting blood 
sugar and insulin levels were not obtained due to the invasive 
nature of this procedure and the difficulty of obtaining results 
in young children. Therefore, HOMA-IR, which is a marker for 
insulin resistance, was from a non-fasting condition. However, a 
tendency of difference in insulin resistance could be determined 
between both groups. In addition, another potential limitation is 

selection bias, as infants were included in the study only if they 
were able to return for the follow-up at our institution.

In conclusion, VLBW premature AGA and SGA children 
who received an exclusive HM-based diet in the NICU, which 
provides high protein, had acceptable growth at 1 and 2 years 
of age as evidenced by weight gain per WHO standards and 
growth percentiles well above the 10th percentile. SGA children 
had greater catch-up growth later without increased adiposity 
or increased insulin resistance compared with AGA children at 
2 years of age. These results suggest that an exclusive HM-based 
diet may improve long-term body composition and metabolic 
outcomes of VLBW premature infants, especially SGA infants.

Correction notice This article has been updated since its first publication to 
correct minor typographical errors present in the main text. 
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