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ABSTRACT
Background: Children with intestinal failure (IF) receiving long-
term parenteral nutrition (PN) have altered body composition (BC),
but data on BC changes from start of PN onwards are lacking.
Objectives: We aimed to assess growth and BC in infants after
neonatal intestinal surgery necessitating PN and at risk of IF, and
to explore associations with clinical parameters.
Methods: A prospective cohort study in infants after intestinal
surgery. IF was defined as PN dependency for >60 d. SD scores
(SDS) for anthropometry were calculated until 6-mo corrected age.
In a subgroup, fat mass (FM) and fat-free mass (FFM) were measured
with air-displacement plethysmography at 2- and 6-mo corrected age.
SDS for length-adjusted FM index and FFM index were calculated.
Associations between cumulative amount of PN and BC parameters
were analyzed with linear mixed-effect models.
Results: Ninety-five neonates were included (54% male, 35%
born <32 wk) and 39 infants (41%) had IF. Studied infants had
compromised anthropometric parameters during follow-up. At 6-mo
corrected age, they remained smaller (median weight-for-age SDS
–0.9 [IQR –1.5, 0.1], P < 0.001) than the normal population. In 57
infants, 93 BC measurements were performed. FM index SDS was
lower than in healthy infants at 2- and 6-mo corrected age (–0.9 [–1.6,
–0.3], P < 0.001 and –0.7 [–1.3, 0.1], P = 0.001, respectively), but
FFM index SDS did not differ. A higher cumulative amount of PN
predicted a higher FM index in female infants but lower FM index in
male infants.
Conclusions: In this cohort of infants receiving PN after intestinal
surgery, compromised anthropometrics, decreased FM, and adequate
FFM were observed during the first 6 mo. Male and female infants
seemed to respond differently to PN when it comes to FM index.
Continuing growth monitoring after the age of 6 mo is strongly
recommended, and further research should explore the benefit of
incorporating ongoing BC monitoring during follow-up. Am J
Clin Nutr 2022;115:503–513.
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Introduction
In children with intestinal failure (IF), the small intestine is

either too short or dysfunctional despite adequate length, and
therefore unable to absorb sufficient nutrients for growth and
development (1). Conditions leading to IF include congenital
anomalies of the small intestine such as intestinal atresia
and gastroschisis, but also acquired neonatal diseases such as
necrotizing enterocolitis (NEC) (2). In these neonates, parenteral
nutrition (PN) is initiated shortly after intestinal surgery to
prevent nutritional shortages (3). Currently, the effect of PN
on growth is monitored using standard anthropometry such as
weight and length trajectories. However, this approach does not
provide information on the quality of growth, specifically on
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body composition (BC), in terms of fat mass (FM) and fat-
free mass (FFM). Increased FM in infancy can lead to adiposity
development, diabetes mellitus type 2, and cardiovascular disease
later in life (4–11). The first 3 mo of life can already be seen
as a critical window for adiposity development (4, 6, 9). FFM is
important for muscle function and bone mass development and is
associated with better cognitive function (12–14). Factors known
to influence BC are, amongst others, prematurity, nutritional
intake, and physical activity (15–17). Although previous studies
have shown that older children on long-term PN have higher FM
and lower FFM than healthy peers (18, 19), it remains unclear at
what age alterations in BC begin. Studies on growth and BC in the
first months after the start of PN are lacking. Early identification
of those at risk of compromised BC may help to improve their
long-term outcomes with timely interventions.

Our aims were to study 1) growth and BC in infants
necessitating PN after neonatal intestinal surgery, up to 6-mo of
corrected age, and 2) the associations between clinical and PN
characteristics and infant growth and BC outcomes.

Methods

Study design and subjects

This observational prospective cohort study took place from
March 2015 to March 2020 at the Erasmus MC Sophia Children’s
Hospital (Rotterdam, The Netherlands), which serves as a region-
wide referral center for pediatric gastrointestinal surgery. It
is difficult to predict which children will develop IF, defined
by the North American Society for Pediatric Gastroenterology,
Hepatology, and Nutrition (NASPGHAN) (20) as a duration
of >60 d on PN. Therefore, we chose to include all neonates
with conditions potentially leading to IF after intestinal surgery.
Inclusion criteria were as follows: 1) need for PN, 2) after surgical
conditions involving the small intestine such as gastroschisis or
NEC with small bowel resection, 3) established in the neonatal
period (<28 d after birth) or, if born preterm, established before
term age. Infants meeting all 3 criteria were included.

The study was in line with the principles of the Declaration
of Helsinki and was approved by the local Research Ethical
Committee of the Erasmus Medical Center (MEC 2015–002,
Dutch Trial Register NTR6080, https://www.trialregister.nl/tri
al/5892). Written informed consent was obtained from the
participants’ caregivers.

Data collection and definitions

Demographic and clinical data, such as gestational age, sex,
underlying disease, and intestinal surgery characteristics, were
retrieved from the medical charts. Short bowel syndrome was
defined as a resection of >70% of the small intestine, and/or
a remaining length of the small intestine (measured from the
ligament of Treitz onwards) of <50 cm in preterm infants or
<75 cm in term born infants (21). The presence of cholestasis
was defined as a serum conjugated bilirubin concentration
of ≥40 μmol/L for ≥2 wk with the necessity of a clinical
intervention (defined as reduction in lipid dose, discontinuation of
lipids, switch to a fish-oil-based lipid emulsion [Omegaven®], or
prescription of ursodeoxycholic acid), derived from the definition
used by Belza et al. (22). An episode of a central-line associated

blood stream infection was defined as the presence of a blood
culture proven bacteremia (not being contamination) obtained
from the catheter lumen (23). IF was defined as a duration of
PN dependency of >60 d, calculated from the date of surgery
onwards (20).

Data concerning enteral and parenteral nutrition and anthro-
pometric parameters were assessed from the date of neonatal
intestinal surgery up to 6 mo thereafter (see Supplementary
Figure 1). The study visits were at 1, 2, 4, 8, 12, and 26 wk after
surgery and occurred during hospitalization and outpatient clinic
visits. BC measurements and anthropometry were performed
around 2 mo and 6 mo of corrected age.

Measurements

Nutrition.

PN and enteral nutrition (EN) were prescribed according to our
local protocol which was based on the guidelines on pediatric
parenteral nutrition from The European Society for Paediatric
Gastroenterology Hepatology and Nutrition (ESPGHAN) and
the European Society for Clinical Nutrition and Metabolism
(ESPEN), supported by the European Society for Paediatric
Research (ESPR) (3). A mixture of essential, semi-essential and
nonessential amino acids was used for amino acid administration
(Primene® 10% w/v). The type of parenteral lipid mostly used
was a soybean oil emulsion (Intralipid®) until 2015, and a
mixed soybean/medium-chain triglycerides/olive/fish oil lipid
emulsion (SMOFlipid®) from 2016 onwards. In the case of
persistent cholestasis (see above), a fish-oil-based lipid emulsion
(Omegaven®) was used.

EN (oral or tube feeding), in the form of human milk
or (preterm) formula (mostly polymeric infant formula or if
indicated semi-elemental or monomeric formula), was initiated
as soon as possible. The volume of EN was increased in the
case of an acceptable vomiting frequency (≤3 times per day)
and defecation frequency (<5 stools per day or ≤20–30 mL/kg/d
stoma output). EN was fortified with either human milk fortifier
or macronutrient additives in the case of impaired growth
according to local protocol. PN administration was reduced
accordingly if growth velocity was adequate and ceased at an
enteral intake of ∼90–130 kcal/kg/d (depending on postnatal
age and weight) (24). PN and EN prescribers (physicians and
dietitians) were not aware of the BC results.

Collected PN characteristics included duration of PN in days,
kcal per kg/d, and grams of carbohydrates, lipids, and amino acid
infusion per kg/d. PN dependency was defined as percentage of
energy intake provided by PN (%PN) = (daily energy intake in
kcal provided by PN/total daily energy intake in kcal) × 100.
To evaluate the effect of PN on BC, a cumulative amount of PN
was calculated from the date of intestinal surgery up to 6-mo
corrected age using AUC. This includes the duration of PN and
PN dependency at different time points. The following formula
was used: AUC = 1

2

∑n−1
i=1 (ti+1 − t1)(%PNi + %PNi+1).

Anthropometrics.

Weight, length, and head circumference were routinely
measured according to our local protocol. Only during neonatal
intensive care stay, length was not routinely measured in

https://www.trialregister.nl/trial/5892
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preterm infants. At the time of BC measurement, midupper
arm circumference was measured to the nearest 0.1 cm with a
tape measure (halfway between acromion of the shoulder and
olecranon of the elbow of the left arm).

For preterm infants, gestational age, and sex-specific SD
scores (SDS) were calculated for weight-for-age, length-for-
age, weight-for-length, and head circumference-for-age ≤40
wk postmenstrual age, based on the Fenton growth charts
(25, 26). For term born infants and preterm infants from 40
wk postmenstrual age onwards, weight-for-age, length-for-age,
weight-for-length, head circumference-for-age, and midupper
arm circumference-for-age SDS (adjusted for prematurity) were
calculated with the WHO growth reference charts, available at
https://www.who.int/childgrowth/software/en/ (27).

Body composition.

BC was measured using the PEA POD® Infant Body Compo-
sition Tracking System (COSMED, Ltd) with air-displacement
plethysmography (28, 29). In air-displacement plethysmography,
based on whole-body densitometry, a 2-compartment model
is derived consisting of FM and FFM (the latter including
muscle, water, bone, and internal organs; also referred to as
lean mass) (30). When an infant was receiving 24 h of PN
administration or oxygen support, or was in isolation for infection
prevention, BC measurement was not possible. BC measurements
were performed by experienced personnel using a standardized
protocol based on the manufacturer’s instructions. Detailed
description of the procedure is provided elsewhere (31). If
applicable, a duplicate of the central venous catheter, feeding
tube, enterostomy bag, or additional device was calibrated in the
PEA POD® before the measurement according to the operator’s
manual. In the case of excessive movement or crying, resulting in
invalid values of FM and FFM, the measurement was not included
in the analysis.

To correct for the small body size of our study population,
we calculated a length-adjusted FM index and FFM index, by
dividing the FM or FFM by the square of length (19, 32).
This helps the interpretation of associations and can indicate
whether or not FM and FFM are in the normal range, proportional
to length. Sex- and age-specific SDS for BC parameters were
calculated using reference data from the United Kingdom (33).
Individual SDS were assigned using the lambda-mu-sigma
(LMS)method (34).

Statistical analysis

The primary outcome variable was FM; secondary outcome
variables were FFM, weight, length, and head circumference. A
sample size calculation was hampered by the lack of previous
reports on children with PN and BC at 6-mo corrected age.
Detecting a correlation ∼35% between the cumulative amount of
PN and FM percentage would require 62 infants to reach a power
of 80% using a 2-sided significance level of 0.05. Because of
practical limitations of the PEA POD® and therefore the inability
to measure every infant, we increased the sample size to 95
infants.

For the description of patient characteristics, categorical data
were summarized as frequency counts (n) and percentages (%),

and continuous data as median with IQR or range since many
of the variables were not normally distributed. Duration of
enterostomy, hospital stay, and PN administration until 26 wk
after surgery were calculated with survival analysis, to take
into account mortality and the fact that some infants were still
receiving PN, having an enterostomy, or were admitted to the
hospital at the end of the follow-up period.

One-sample Wilcoxon signed-rank tests (compared with
zero) were used to determine whether anthropometric and
BC parameters differed significantly from that of the normal
population mean (0 SDS). Exploratory tests (chi-square tests,
Mann–Whitney U tests, and 2-sample t-tests) were used to
provide insight into differences between groups: 1) infants
with versus without BC measurement, 2) male versus female
infants, 3) infants born <32 wk (extremely and very preterm;
the neonatal intensive care unit population) versus ≥32 weeks
of gestation, 4) infants with >60 d of PN dependency (i.e.
having IF) versus with shorter PN duration, 5) infants with
versus without enterostomies, 6) infants with NEC versus non-
NEC, and 7) infants with 1 versus multiple surgeries. For infants
with 2 BC measurements, outcomes at 2- and 6-mo corrected
age were compared with paired-sample t-tests. To explore the
use of BMI as a measure of FM index, we used Hattori
charts (35).

We analyzed the association between PN and longitudinal
measurements of the FM index SDS and FFM index SDS
with linear mixed-effects models. This type of model allows
to account for the correlation among repeated measurements,
for measurements taken at different time points per individual,
and for the number of measurements within individuals. The
fixed-effects part included the AUC of PN corrected for sex, the
interaction of the AUC of PN with sex, gestational age in weeks,
conditional weight-for-age SDS, receiving any human milk at
the time of assessment, and the corrected age in weeks at the
time of assessment (variables known from previous literature to
be associated with BC outcomes) (36–39). Conditional weight-
for-age SDS was calculated by regressing weight-for-age SDS
at 2- or 6-mo corrected age on weight-for-age SDS at the date
of intestinal surgery and then taking the standardized regression
residual (to take into account any regression to the mean). Since
the amount of human milk could not be quantified (in the case
of breastfeeding), we chose to assess whether the infant was
receiving any human milk at 2- and 6-mo corrected age. For
the random-effects part, random intercepts were included. To
select the optimal random-effects structure and to test whether
the longitudinal evolutions were nonlinear, we used likelihood
ratio tests based on the Akaike information criterion. We used t-
tests to assess the predictive value of each covariate on the BC
outcome variable. To evaluate the overall effect of the AUC of
PN on BC outcomes, we compared the final model including
the AUC of PN variable with a model without the AUC of PN
using likelihood ratio tests. Model assumptions were checked
by inspecting the residual plots. For illustrational purposes,
effect plots were made for the effect of time and for the effect
of AUC of PN for infants with median values of exploratory
variables.

A P value <0.05 was considered statistically significant. Data
analyses were performed using Statistical Package for the Social
Sciences, Version 25.0 (IBM SPSS Statistics for Windows),
R version 4.0.3 (R Foundation for Statistical Computing,

https://www.who.int/childgrowth/software/en
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BC assessment at 2 months ca

n = 49

BC assessment at 6 months ca

n = 44

No valid BC measurement

n = 38

Reasons:

Deceased: n = 8

On 24-hour oxygen

support / PN / isolation: n

= 3

Invalid results due to

excessive crying or

movement: n = 3

Logistic issues / no

appointment at outpatient

clinic: n = 5

No consent for

measurement: n = 19

Parents unavailable for

consent*

n = 16

Parents refused consent

n = 24

Deceased <1 week after

surgery

n = 39

Neonates with surgical

conditions that potentially lead

to IF

n = 184

Eligible

n = 135

Enrolled

n = 95

Valid BC measurement

n = 57

Only at 2 months ca

n = 13

Only at 6 months ca

n = 8

At both 2 and 6 months ca

n = 36

No Dutch/English speaking

parents

n = 10

FIGURE 1 Flow chart of inclusion in study. Studied infants are shown in bold/gray (N = 95 for anthropometrics and nutritional intake, N = 57 for BC).
∗Parents were not asked to participate due to a complex social situation in which there was no available legal guardian to give consent or due to quick transfer
to another hospital. BC, body composition; ca, (for prematurity) corrected age; IF, intestinal failure; PN, parenteral nutrition.

http://www.R-project.org/), and GraphPad Prism version 8.00 for
Windows (GraphPad Software, http://www.graphpad.com).

Results
Of 135 eligible neonates, 95 were included in the study for

assessment of nutrition and anthropometrics (see the flow chart
in Figure 1). In 57 infants, 1 or 2 BC measurements could
be performed. The 38 infants without BC measurement had
a significantly lower gestational age but did not significantly
differ from the group of infants with BC measurements in sex,
presence of short bowel syndrome, underlying disease groups,
PN duration, number of infants with home PN indication, or
anthropometric parameter SDS (data not shown).

Patient characteristics

Patient characteristics are presented in Table 1. Thirty-three
(35%) neonates were born ≤32 weeks of gestation and 51 (54%)
were male. At a median age of 2 d, neonates were operated on for
gastroschisis (n = 34), NEC (n = 26), intestinal atresia (n = 19),
or other pathology (n = 16). Short bowel syndrome was present

in 9 infants. From the 22 infants that developed cholestasis, 8
were switched to a fish-oil-based lipid emulsion. In 16 infants,
cholestasis resolved (2 persistent cholestasis, 4 missing data).
Eight infants deceased during follow-up; all were born before 32
weeks of gestation and the most common cause of death was a
complicated course of sepsis.

Nutrition

PN was already initiated before intestinal surgery in 36 infants.
Median PN duration after surgery was 7.0 wk. At ∼4 wk after
surgery, infants received a median of 50% from energy intake
by EN. The courses of energy intake provided by PN and
EN from the date of surgery onwards for all infants together
and only for infants receiving PN at each specific time point
are shown in Supplementary Figure 2. In Supplementary
Figure 3, a survival curve for PN weaning is presented. Ten
weeks after intestinal surgery, ∼50% of infants with NEC had
completely weaned off PN, compared with 75% of infants with
gastroschisis and intestinal atresia. However, for total duration
of PN dependency, no statistically significant difference between
the underlying disease groups was found. Thirty-nine infants met

http://www.R-project.org/
http://www.graphpad.com
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TABLE 1 Patient characteristics1

Total cohort PN dependency ≤60 d PN dependency >60 d
N = 95 N = 56 N = 39

n (%) or median [IQR] n (%) or median [IQR] n (%) or median [IQR]

Birth Related
Sex, male 51 (54) 31 (55) 20 (51)
Gestational age, wk 35.6 [27.6, 37.3] 36.9 [29.6, 37.4] 33.7 [25.9, 36.1]
Very preterm (gestational age <32 wk) 33 (35) 15 (27) 18 (46)
Caesarean delivery 39 (41) 19 (30) 22 (56)
Maternal age at delivery, y 29 [24, 32] 29 [25, 33] 29 [24, 31]
Maternal age <20 y 6 (6) 4 (7) 2 (5)
Apgar score at 5 min n = 91 9 [8, 10] 9 [8, 10] 8 [7, 9]
Birth weight, g 2250 [1000, 2800] 2555 [1298, 2946] 1870 [800, 2415]
Birth weight SDS –0.2 [–0.9, 0.6] 0.0 [–0.7, 0.5] –0.2 [–1.4, 0.6]
Small for gestational age (<10th percentile) 17 (18) 7 (13) 10 (26)
Large for gestational age (>90th percentile) 7 (7) 2 (4) 5 (13)
Head circumference at birth, cm n = 62 29.7 [23.5, 32.5] 32.0 [24.0, 33.2] 25.2 [22.0, 30.0]
Head circumference SDS –0.5 [–1.0, 0.2] –0.2 [–0.7, 0.2] –0.7 [–1.0, 0.1]

Intestinal Failure Related
Postnatal age at intestinal surgery, d 2 [0, 12] 1 [0, 10] 3 [0, 18]
Underlying disease

Gastroschisis 34 (36) 22 (39) 12 (31)
Necrotizing enterocolitis 26 (27) 14 (25) 12 (31)
Intestinal atresia 19 (20) 14 (25) 5 (13)
Other2 16 (17) 6 (11) 10 (25)

Remaining small intestinal length n = 29 70.0 [46.0, 102.5] 87.0 [71.3, 123.8] 50.0 [35.0, 90.0]
Short bowel syndrome3 9 (9) 0 (0) 9 (23)
Ileocecal valve not in situ 13 (14) 5 (9) 8 (21)
Enterostomy 41 (43) 17 (30) 24 (62)
Duration of enterostomy,4 wk 9.6 [7.7, 13.0] 8.9 [6.1, 10.4] 10.4 [8.4, 13.6]
Number of surgeries

1 31 (33) 29 (52) 3 (8)
Multiple 64 (67) 27 (48) 36 (92)

Number of CLABSIs5

None 47 (49) 39 (70) 7 (18)
1 26 (27) 13 (23) 14 (36)
Multiple 22 (23) 4 (7) 18 (46)

Cholestasis6 22 (23) 6 (11) 16 (41)
Duration of first hospital stay,4 wk 8.7 [4.9, 16.3] 6.1 [3.4, 8.1] 16.4 [13.1, 21.4]
Total PN duration,4 wk 7.9 [4.1, 15.1] 5.4 [2.7, 7.1] 16.3 [11.7, 26.0]
PN duration before intestinal surgery, wk n = 36 1.6 [0.9, 2.4] 1.4 [1.0, 2.2] 1.9 [0.9, 2.9]
PN duration from date of surgery

onwards,4 wk
7.0 [3.7, 13.0] 4.1 [2.6, 6.3] 15.4 [11.1, 24.1]

1CLABSI, central line-associated blood stream infection; PN, parenteral nutrition; SDS, SD score.
2Other underlying diseases include volvulus (n = 4), perforation of the small bowel (n = 5), strangulation ileus (n = 2), ileal stenosis (n = 1), milk curd

ileus (n = 1), and meconium peritonitis (n = 3).
3Defined as resection of ≥70% of small intestine, and/or remaining small bowel length of <50 cm in preterm neonates or <75 cm in term neonates.
4Calculated with the Kaplan–Meier method until 26 wk of follow-up.
5CLABSI: blood culture proven, treated with antibiotics, until 26 wk of follow-up.
6Cholestasis: serum direct bilirubin of >40 μmol/L (≈>2 mg/dL) for >14 consecutive days with need for intervention (decrease/stop/change in type of

lipids and/or ursodeoxycholic acid), until 26 wk of follow-up.

the criteria for IF by receiving PN for >60 d, of whom 12 were
discharged with home PN during or after the 26 wk follow-
up period. A comparison of patient characteristics of the group
with >60 d PN dependency versus ≤60 d PN dependency is
presented in Table 1.

The distribution and macronutrient contribution of PN and
the type of EN during follow-up is described in Supple-
mentary Table 1. In the first 8 wk of follow-up, the ma-
jority of infants received human milk if they were receiving
any EN.

Anthropometrics

Median birth weight SDS was –0.2 (IQR –0.9, 0.6). Figure 2
shows the compromised course of growth from surgery onwards
for male and female infants separately. At 2-mo corrected age,
almost one-third of the infants had a weight-for-age below –2
SDS. At 6-mo corrected age this number decreased to 9%. Infants
remained smaller (median weight-for-age SDS –0.9 [IQR –1.5,
0.1], P < 0.001) and shorter (median length-for-age SDS –0.4
[IQR –1.3, 0.4], P = 0.003) than the normal population at 6-mo
corrected age.
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FIGURE 2 Anthropometric parameters from the date of neonatal
intestinal surgery onwards for male infants and female infants separately.
Box plots represent median SDS with IQR and whiskers of min-max range
(with outliers as dots). SDS were calculated with WHO growth reference
charts for term infants and with Fenton growth curves for preterm infants
≤40 wk of postmenstrual age and WHO growth reference charts thereafter.
∗Significantly different from zero (normal population mean) (analyzed with
1-sample Wilcoxon test). SDS, SD score.

Body composition

In 57 (60%) infants, 93 air-displacement plethysmography
measurements were performed; 49 at 2-mo and 44 at 6-mo
corrected age. Median FM percentage was 16.5% (IQR 13.1,
20.7) and 21.4% (IQR 18.1, 25.5) at 2- and 6-mo corrected
age, respectively. In Figure 3, median SDS for anthropometric

and BC parameters in this subgroup are presented for male and
female infants separately. Studied infants had a significantly
lower median FM index SDS than the reference population at
both 2- and 6-mo corrected age (–0.9 [IQR –1.6, –0.3] and –
0.7 [IQR –1.3, 0.1], P < 0.001 and P = 0.001, respectively),
but median FFM index SDS did not significantly differ from the
reference population. No significant differences in BC outcomes
were found between infants born <32 weeks and ≥32 weeks of
gestation, between the sexes, between infants with enterostomies
and those without, between infants with NEC and non-NEC, or
between infants with 1 and multiple surgeries. At 2-mo corrected
age, 6 (12%) infants had an FM index below –2 SDS, and at 6-
mo corrected age this number was 3 (7%). At 2-mo corrected
age, 9 (18%) infants had an FM below –2 SDS, whereas at 6-mo
corrected age this number decreased to 4 (9%).

In the 36 infants who had air-displacement plethysmography
measurements at both 2- and 6-mo corrected age, there was
a significant increase in SDS during the follow-up period for
weight-for-age (+0.7 SDS [95% CI: 0.4, 1.1]), length-for-age
(+0.8 SDS [95% CI: 0.5, 1.1]), head circumference-for-age
(+0.5 SDS [95% CI: 0.3, 0.8]), FFM (+1.3 SDS [95% CI: 1.0,
1.6]), and FFM index (+0.4 SDS [95% CI: 0.1, 0.8]). This was
not the case for weight-for-length SDS, FM SDS, and FM index
SDS. Supplementary Figure 4A and 4B represent Hattori charts
and show that a given BMI can correspond with a wide range of
FM index values.

The group of infants receiving PN for >60 d did not
significantly differ in anthropometric or BC parameters at 2- and
6-mo corrected age from the infants with shorter PN duration.

Associations between clinical parameters and body
composition

To further explore the role of PN in predicting BC, we studied
associations in a mixed-effects model of repeated measurements.
Figure 4 depicts the effect plots of FM index SDS for male
and female infants over time, corrected for AUC of PN,
gestational age, and receiving any human milk (Figure 4B) or not
(Figure 4A). Male sex (P = 0.019) was independently associated
with a higher FM index SDS. Also, the cumulative amount of PN
(P = 0.029) was associated with FM index SDS, but the direction
of the association was different for male infants compared with
female infants (meaning that there was an interaction between
sex and AUC of PN, P = 0.011): in female infants, FM index
SDS increased with increasing AUC of PN, but in male infants,
FM index decreased with increasing AUC of PN. This effect is
shown in Figure 5, which represents the effect plot of the AUC
of PN on FM index SDS for male and female infants at 2- and
6-mo corrected age, adjusted for gestational age and receiving
any human milk. When repeating the model with conditional
weight-for-age included, the association of FM index SDS with
AUC of PN was still present. Aside from patterns of BC changes,
exploration of several other characteristics between male and
female infants at birth, and 2- and 6-mo corrected age, revealed
no differences in terms of birth weight SDS, number of infants
small/large for gestational age, number of infants born preterm
(<37 wk gestational age) or very preterm (<32 wk gestational
age), gestational age, underlying disease (gastroschisis versus
intestinal atresia versus NEC versus other), number of infants



Body composition after neonatal intestinal surgery 509

A

B

n

n

n

n

N

N

�

�

�

�

�

�

�

�

�

�

FIGURE 3 Anthropometric and body composition parameters expressed in SDS in selected group of infants with body composition measurement at 2-mo
corrected age (A) and 6-mo corrected age (B) for male infants and female infants separately. Box plots represent median SDS with IQR and whiskers of min-
max range (with outliers as dots). SDS were calculated with WHO growth reference charts for anthropometric parameters, and with UK reference values for
body composition parameters (33). ∗Significantly different from zero (normal population mean) (analyzed with 1-sample Wilcoxon test). Missing data: n = 3
for HCFA at 2-mo corrected age, n = 2 for HCFA, and n = 3 for MUAC at 6-mo corrected age. FFM, fat-free mass; FFMI, fat-free mass index; FM, fat mass;
FMI, fat mass index; HCFA, head circumference-for-age; LFA, length-for-age; MUAC, midupper arm circumference; SDS, SD score; WFA, weight-for-age;
WFL, weight-for-length.

with IF (PN dependency >60 d), or in anthropometric and BC
parameter SDS at 2- and 6-mo corrected age.

Receiving human milk was not significantly associated with a
higher FFM index SDS over time (P = 0.069), neither was the
overall effect of the AUC of PN on FFM index SDS (P = 0.578).

Discussion
In this unique prospective study, we showed that among infants

who received PN for a median duration of 7 wk after intestinal
surgery, growth parameters and FM index were compromised
in the first 6 mo of life, but FFM index was adequate. The

cumulative amount of PN they received was positively associated
with the FM index in female infants, but negatively associated
with the FM index in male infants. Our findings are reassuring
and suggest that patients in this early phase of disease are not
overfed while on PN.

We found compromised weight-for-age and length-for-age
during the complete follow-up period, consistent with the results
of studies assessing growth from birth up to 2 y of age in
patients who underwent neonatal gastrointestinal surgery (40–
43). A possible explanation for poor growth despite EN and PN
prescription according to international guidelines is that energy
requirements can be even higher especially during periods of
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FIGURE 4 Effect plot of the fat mass index SDS for male and female infants over time. Linear mixed-effects model with effect plots of predictions (lines)
and 95% CIs (bands) for fat mass index SDS. A: When taking the median gestational age and AUC of PN while receiving no human milk at the time of
measurement, the fat mass index SDS increases with increasing age for both male and female infants, but for male infants, the fat mass index SDS is higher
than for female infants. B: When taking the median gestational age and AUC of PN while receiving human milk at the time of measurement, the fat mass
index SDS increases with increasing age for both male and female infants, but for male infants, the fat mass index SDS is higher than for female infants. PN,
parenteral nutrition; SDS, SD score.

recovery when catch-up growth needs to be achieved (44). Fortu-
nately, an increase in weight-, length-, and head circumference-
for-age SDS was seen by the end of follow-up at 26 wk after
intestinal surgery, but SDS were still lower than the normal
population. Possibly, postsurgical neonates require more strict
monitoring of nutritional intake and anthropometric parameters
combined with individualized and sometimes more aggressive
feeding regimens. Another explanation for poor growth may
be the concern that infants with cholestasis/intestinal-failure-
associated liver disease receive inadequate calories because of
a reduction in the amount of intravenous lipids by changing to
fish-oil-based lipid emulsions at a lower dose. However, in a
previous study in infants with IF and cholestasis, infants receiving
lower dosed fish-oil-based lipid emulsions showed comparable
growth to infants receiving soybean emulsions (45). We know
from previous studies that in older children with IF, height-for-
age may decrease after ceasing PN, which emphasizes the need
for continued growth monitoring of these patients (46).

Our finding of decreased FM and adequate FFM is not
consistent with the increased FM and decreased FFM seen in
older children receiving long-term PN (18, 19). This difference in
BC outcome might be explained by different study populations,
as we only included surgical patients whereas children in
these previous studies (18, 19) included children with not only
surgical conditions but also enteropathies and motility disorders.
Persistent intestinal inflammation observed in some of these
children may also exacerbate FM accumulation (18). More
importantly, the children in previous studies were much older
(18, 19). Decreased physical activity has been associated with
increased FM and decreased FFM (16, 17), and is prevalent in
children with IF (47). Lack of physical activity becomes more
apparent with increasing age: we speculate that this contributes to
increasing differences in BC outcomes between infants and older
children. Our results of low FM are consistent with findings of
a study comparing BC in infants after neonatal gastrointestinal
surgery with healthy peers (40).

Almost half of the infants of the present study were PN
dependent for >60 d and therefore met criteria for IF (20). Infants
with NEC received PN for a longer period of time than infants
with gastroschisis and intestinal atresia, consistent with previous
studies (41, 43, 48, 49). The group of infants with >60 d of PN
did not differ in anthropometric or BC parameters, compared with
the group with shorter PN duration. However, in our exploratory
analysis when taking into account multiple factors, PN did play
a role in predicting the FM index. Surprisingly, the FM index
of male infants decreased but that of female infants increased
with increasing cumulative amount of PN. An explanation for this
difference may be found in the sex difference in composition of
human milk. Maternal human milk has been reported to naturally
supply more lipids and energy to male infants than to female
infants (50). In a recent review, the authors describe that in
studies with predominantly human milk, no growth differences
between male and female infants are seen. Conversely, there
are sex differences in growth in studies with PN administration
(providing the same nutrients to male and female infants, not
adjusted to sex) (51). Possibly, decreases in FM index in male
infants receiving predominantly PN could be due to needing more
lipids and energy than provided. Moreover, in general, it is known
that females at various ages, from infancy to adulthood, use
energy at a slower rate than males (52, 53) and are more efficient
in conserving energy and storing it as fat (33, 54). Although this
phenomenon has not been studied in infants with IF, it could be a
possible explanation for the increased FM index with increasing
amount of PN in female infants. Yet, our results should be
interpreted with caution because of the small number of infants.

Our study has several strengths. To our knowledge, this study
is the first to prospectively assess longitudinal BC outcomes
in infants after neonatal intestinal surgery. This allowed us to
evaluate FM and FFM changes over time. We reached a high
participation rate with 95 out of 119 (80%) of the approached
parents consenting to participate in the study, making it a
representative sample of the population. Using air-displacement
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FIGURE 5 Effect plot of the fat mass index SDS for male and female infants at 2-mo corrected age (A) and at 6-mo corrected age (B) with increasing AUC
of parenteral nutrition. Linear mixed-effects model with effect plots of predictions (lines) and 95% CIs (bands) for fat mass index SDS. When gestational age
and receiving any human milk remain the same, the fat mass index SDS increases with increasing AUC of parenteral nutrition in female infants but decreases
in male infants. SDS, SD score.

plethysmography for the assessment of BC has important
advantages over other BC techniques as it is relatively quick, has
no exposure to radiation, no motion artifacts, and the possibility
to correct for the central venous catheter and other additional
devices (19, 33). Moreover, we have confirmed that it is important
to measure BC in addition to standard anthropometrics, since
BMI was not a good substitute for FM and FFM index in infants,
as was seen before in older children (19).

A limitation of this study was that, unfortunately, it was
not possible to include all eligible patients because of quick
transfer to another hospital or unavailability of a legal guardian
to obtain consent. We excluded patients from non-Dutch or
non-English speaking parents; in the future, we should consider
translating informed consent folders. Also, we were not able
to perform an air-displacement plethysmography assessment
in every participating infant, mainly due to logistical reasons.
However, the infants included with no BC measurement did not
significantly differ in sex, underlying disease, presence of short
bowel syndrome, duration of PN dependency, or anthropometrics
SDS from the infants with BC measurements, limiting possible
selection bias on BC outcomes. Another limitation is the
need to use different reference data sources for calculating
anthropometric SDS before 40 wk of gestational age and after
(Fenton and WHO, respectively), which could introduce a

systematic error. When inspecting the raw data, this did not
seem to be the case. Finally, actual enteral energy intake could
not be calculated because we could not quantify the intake of
breastfeeding throughout the study period.

BC abnormalities in early childhood are associated with
adverse long-term health effects. In the first months of life
we did not observe worrisome alterations in BC in infants
after neonatal intestinal surgery. FFM increased faster than the
reference population and towards normal, which looks like a
successful catch-up in FFM, whereas FM did not increase faster
than the reference population. This is reassuring, since gaining
FFM is beneficial and gaining FM too quickly is not. However,
we should be careful that catch-up growth does not proceed too
quickly after 6-mo corrected age, because rapid weight gain,
especially FM gain, in early infancy predisposes to midchildhood
overweight and obesity (55). The question arises when the turning
point will be, if there is one. Future studies should focus on
growth and BC outcomes after 6-mo corrected age, to find out
if continuation of monitoring is needed to detect deteriorations
later in life. Our finding that sex and the amount of PN interact
in their effect on FM also needs further investigation to find out
if PN prescription should possibly be sex specific.

In conclusion, we observed compromised weight and length
parameters, and low rather than excess fat accumulation in infants
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requiring PN after neonatal intestinal surgery during the first 6
mo. However, a higher amount of PN was associated with a higher
FM index in female infants. Whether abnormalities in growth and
BC persist during childhood necessitating ongoing monitoring
after the age of 6 mo is yet to be explored by further research.
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