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Differential DNA methylation by early ke

versus late parenteral nutrition in the PICU:

a biological basis for its impact on emotional
and behavioral problems documented 4 years
later
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Abstract

Background: The PEPaNIC multicenter randomized controlled trial (RCT) has shown that early administration of sup-
plemental parenteral nutrition (early-PN) as compared with withholding PN for 1 week (late-PN) induced long-term
internalizing, externalizing and total emotional/behavioral problems in critically ill children, as observed 4 years later.
Early-PN was further shown to alter the methylation status of 37 CpG-sites in leukocyte DNA between admission and
discharge from the pediatric intensive care unit (PICU). In a preplanned subanalysis of the PEPaNIC trial, we now inves-
tigated whether the altered methylation of these CpG-sites could statistically explain the negative impact of early-PN
on emotion/behavior documented 4 years after PICU admission.

Results: The combination of DNA methylation data and data on behavior 4 years after PICU admission was available
for 403 of the 1440 patients (aged 0-17 years at PICU admission) who were included in the PEPaNIC RCT (192 early-PN
and 211 late-PN patients). Mediation analyses with use of bootstrapped multivariable non-linear regression analyses
adjusted for baseline risk factors revealed that the adverse alterations by early-PN in methylation of the 37 CpG-sites
together statistically explained its harmful impact on internalizing, externalizing and total emotional/behavioral prob-
lems. When adding the methylation status of the 37 CpG-sites to the models, the explanatory power improved with a
1.710to 1.851-fold increase, and the impact of the altered methylation status of the CpG-sites explained the impact of
the randomization to early-PN versus late-PN.

Conclusions: Abnormal DNA methylation induced by the early use of PN in the PICU provides a biological basis for
its long-term harmful effect on emotion/behavior of critically ill children 4 years after PICU admission.

Trial Registration ClinicalTrials.gov NCT01536275, registered February 17, 2012, https://clinicaltrials.gov/ct2/show/
NCT01536275.
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Background

Nutritional support is an important aspect of the clini-
cal management of critically ill children admitted to the
pediatric intensive care unit (PICU). The enteral route
for providing macronutrients is preferred [1], but feed-
ing through mouth or via nasogastric tube is often not
tolerated or impossible [2]. Therefore, supplemental par-
enteral nutrition (PN) is often initiated whenever enteral
nutrition fails to reach the caloric targets. The multicenter
‘Pediatric Early versus Late Parenteral Nutrition in Criti-
cal Illness’ (PEPaNIC) randomized controlled trial (RCT)
demonstrated that initiating supplemental PN within the
first 24 h after admission (early-PN) was clinically infe-
rior to postponing the initiation of supplemental PN until
day 8 of PICU stay (late-PN), as patients in the early-PN
group recovered more slowly and acquired more infec-
tions during PICU stay [3]. This nutritional strategy also
appeared to contribute to long-term harm, as 2 years
after PICU admission, early-PN patients showed worse
parent/caregiver reported executive functioning (inhibi-
tory control, working memory, meta-cognition and total
executive functioning), externalizing behavioral problems
and visual-motor integration [4]. Interestingly, a second-
ary analysis of the PEPaNIC RCT provided a possible
molecular basis for the adverse effects of critical illness
on long-term development and the role of nutritional
management herein [5]. This large epigenome-wide study
has shown that the administration of early-PN during
critical illness altered the DNA methylation status of 37
CpG-sites. Several of the affected CpG-sites were located
in genes involved in neuronal development, migration
and plasticity, information processing, cerebral cortex
development, attention deficit hyperactivity disorder,
intellectual disability and neurodevelopment and neuron
plasticity. Moreover, the early-PN-induced altered DNA
methylation was found to statistically explain at least
partially the early-PN-induced impaired neurocognitive
outcomes documented 2 years later. As the long-term
developmental effect of the nutritional strategy could
change over time, and as clinical neurocognitive test-
ing is more complete and more reliable from the age of
4 years onward, and since almost half of the patients were
younger than 1 year at randomization, a 4-year follow-up
study was also performed. This study has demonstrated a
harmful effect of early-PN for development of internal-
izing, externalizing and total behavioral/emotional prob-
lems [6]. The aim of the current study was to investigate
whether altered methylation of the 37 CpG-sites with the

use of early-PN, as was previously identified, is also sta-
tistically explanatory for its negative impact on behavior
documented 4 years after PICU admission.

Results

Of the 1440 children who participated in the PEPaNIC
study, 684 had been tested at 4-year follow-up. DNA
methylation data were available for 403 of the 684 tested
patients (192 early-PN and 211 late-PN patients, Fig. 1).
Demographics and other patient characteristics upon
PICU admission of both groups were comparable and are
presented in Tables 1 and 2.

In a non-linear model adjusted for baseline risk factors
(age, center, sex, race, geographic origin, language, his-
tory of malignancy, a predefined syndrome, admission
diagnosis, severity of illness upon PICU-admission, and
risk of malnutrition), randomization to early-PN versus
late-PN was found to be a significant predictor of the
internalizing, externalizing, and total emotional/behav-
ioral problems (respectively 63%, 59% and 80% of 100
replicated bootstrapped analyses) at 4-year follow-up
of the tested patient cohort (Fig. 2A). Mediation analy-
sis revealed that the early-PN-induced adversely altered
DNA methylation of 37 CpG-sites statistically explained
its harmful impact on the three behavioral outcomes
(Fig. 2B). When adding the 37 CpG-sites to the multivari-
able models for the 3 behavioral outcomes, the explana-
tory power (optimism-corrected R*) improved with a
1.710 to 1.851-fold increase, and the impact of the altered
methylation status of the CpG-sites replaced and out-
weighed the impact of the randomization to early-PN
versus late-PN. Table 3 shows the details on the added
explanatory power for the 3 long-term outcomes pro-
vided by the 37 differentially methylated CpG-sites.
Unsupervised clustering based on the frequencies with
which a CpG-site was found to be independently and
significantly associated with the behavioral outcomes in
the 100 bootstrapped replicated analyses revealed dis-
tinct patterns of association of CpG-site methylation
status with internalizing versus externalizing behavior
(Fig. 2B). The CpG-sites that were most often retained
in the bootstrapped non-linear models as independently
associated with the three outcomes, were cgl4172797
in PRKCA (involved in memory, mood regulation and
behavior), cgl11047783 in KAT6B (involved in cerebral
cortex development, attention deficit hyperactivity dis-
order (ADHD) and intellectual disability), cg14109551 in
CEPS85L (involved in brain tumors, ADHD and bipolar
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723 early-PN patients

717 late-PN patients

71 non-survivors at follow-up
73 too disabled for testing

66 non-survivors at follow-up
59 too disabled for testing

Loss to follow-up:
4 survival status unknown
247 survived but declined
participation or were not
contactable

Loss to follow-up:
14 survival status unknown
222 survived but declined
participation or were not
contactable

v

328 underwent neurocognitive
testing

356 underwent neurocognitive

testing

192 with last day white blood cell
DNA methylation data
Included in the mediation analysis

211 with last day white blood cell

Included in the mediation analysis

DNA methylation data

Fig. 1 Consort diagram of study participants

disorder), cgl14450616 in PLD3 (involved in neuronal
development, survival and neurotransmission, visual
learning, memory and flexibility), cg26308668 in srGAP1
(involved in neuronal development and migration, linked
to mental retardation), cgl14364797 in FNBP1 (involved
in neuronal network formation and information process-
ing), ¢g22645359 in TCF7L2 (involved in Wnt signaling
and related to neurodevelopment and plasticity of mature
neurons), ¢g12928479 in NLRC5 (involved in neuroim-
mune and neuroinflammatory processes), ¢g22076676
in THADA (involved in apoptosis, neuroinflammation
and multiple sclerosis), cg01842756 in RNF217 (involved
in apoptosis), cg16301196 in PLA2G15 (involved in lipid

metabolism), ¢g07375256 in ZSCAN25 (transcriptional
regulation (DNA binding and protein—protein interac-
tions); genetic variation in ZSCAN25 has been associ-
ated with body weight, hip and brachial circumference),
€g26683792 in SLC35E1 (unknown, putative transporter),
and several intergenic and non-coding CpG-sites. Similar
results were obtained when the randomized intervention
was excluded from the models.

Discussion

We here showed that the methylation status of 37
CpG-sites within leukocyte DNA, which was previ-
ously shown to be altered by the use of early-PN as
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Table 1 Demographics of patients with DNA methylation analyzed on the last day of PICU stay
Demographics Tested post-PICU population
Early-PN Late-PN Pvalue?
N=192 N=211

Age at 4-year follow-up—year 76 (4.2) 7.54.0) 0.74
Sex

Male 111 (57.8%) 125 (59.2%) 0.77

Female 81 (42.2%) 86 (40.8%)
Known non-Caucasian race® 13 (6.8%) 7 (3.3%) 0.10
Known non-European origin® 41 (21.4%) 30 (14.2%) 0.06
Known not exclusive Dutch or English language 49 (25.5%) 49 (23.2%) 0.59
Socioeconomic status

Educational level parents/caregivers® 0.60

Educational level 1 6 (3.1%) 11 (5.2%)

Educational level 1.5 17 (8.9%) 12 (5.7%)

Educational level 2 43 (22.4%) 53 (25.1%)

Educational level 2.5 27 (14.1%) 34 (16.1%)

Educational level 3 55 (28.7%) 60 (28.4%)

Educational level unknown 44 (22.9%) 41 (19.4%)
Occupational level parents/caregivers® 0.10

Occupational level 1 0 (0.0%) 5(2.4%)

Occupational level 1.5 18 (9.4%) 27 (12.8%)

Occupational level 2 33 (17.2%) 35 (16.6%)

Occupational level 2.5 19 (9.9%) 16 (7.6%)

Occupational level 3 34 (17.7%) 45 (21.3%)

Occupational level 3.5 14 (7.3%) 14 (6.6%)

Occupational level 4 31 (16.2%) 37 (17.5%)

Occupational level unknown 43 (22.4%) 32 (15.2%)

Data are n (%) or mean (SD)
PICU pediatric intensive care unit, PN parenteral nutrition, SD standard deviation

2 Participants were classified according to race and geographical origin by the investigators. These classifications were performed to capture ethnical and regional
differences in the frequency of consanguinity, which may adversely affect cognitive performance [7]

b The education level is described in Additional file 2

“The occupation level is described in Additional file 2

d P values were calculated with Wilcoxon Rank Sum tests for continuous data, and Chi square tests for proportions

compared with late-PN in the PICU, at least in part
statistically explained the harmful impact of early-PN
on emotional/behavioral problems 4 years after PICU
admission. The CpG-sites of which methylation status
contributed the most to this effect on the emotional/
behavioral problems were related to genes involved in
pathways that are relevant for the development of these
problems.

Several studies have shown that underfeeding and/or
overfeeding in childhood can affect long-term health
and development through induction of DNA methyla-
tion changes [15-17]. The early-PN-induced aberrant
alterations in DNA methylation that we have identified
in critically ill children [5] statistically explained at least
part of its harmful effect with regard to emotional/

behavioral problems 4 years after PICU admission.
Among the strongest associations were several CpG-
sites related to genes involved in mood regulation and
behavior, behavioral disorders, but also in several cog-
nitive functions, in nervous system development and
function, among others. Interestingly, many of the
CpG-sites that played the strongest mediating role for
the harmful effect of early-PN on behavior at 4-year
follow-up were the same as the ones that also played
the strongest mediating role for the harmful effect of
early-PN on the impaired executive functioning at
2-year follow-up [5]. This important finding provided
further support for the clinical data that already sug-
gested that normal executive functioning is essential to
develop normal behavior later on in life [18, 19].
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Table 2 Baseline characteristics and acute outcomes of patients with DNA methylation analyzed on the last PICU-day
Characteristic Tested post-PICU population
Early-PN Late-PN Pvaluef
N=192 N=211
Infant (age < 1 year) at randomization 71 (37.0%) 91 (43.1%) 0.20
STRONGKids risk level @ 0.19
Medium 184 (95.8%) 196 (92.9%)
High 8 (4.2%) 15 (7.1%)
PelOD score, first 24 h in PICU ° 23.7(10.3) 24.1(10.4) 0.62
PIM3 score —36(1.3) —37(1.1) 0.65
PIM3 probability of death—9%4 6.1 (10.9) 45 (8.0) 0.65
Diagnostic category 044
Surgical
Abdominal 7 (3.7%) 6 (2.8%)
Burns 1(0.5%) 0 (0.0%)
Cardiac 109 (56.8%) 123 (58.3%)
Neurosurgery-traumatic brain injury 17 (8.9%) 19 (9.0%)
Thoracic 9 (4.7%) 11 (5.2%)
Transplantation 0 (0.0%) 4 (1.9%)
Orthopedic surgery-trauma 10 (5.2%) 5(2.4%)
Other 5(2.6%) 8 (3.8%)
Medical
Cardiac 5(3.7%) 5(2.4%)
Gastrointestinal-hepatic 1 (0.5%) 1 (0.5%)
Oncologic—hematologic 0(0.0%) 2 (1.0%)
Neurologic 13 (6.8%) 10 (4.7%)
Respiratory 8 (4.2%) 8 (3.8%)
Other 7 (3.7%) 9 (4.3%)
Malignancy 14 (7.3%) 12 (5.7%) 0.51
Diabetes 0 (0.0%) 0 (0.0%) >0.99
Syndrome*® 15 (7.8%) 23 (10.9%) 0.28
Known parental smoking between birth and PICU admission 31 (16.1%) 42 (19.9%) 041
Duration of stay in the PICU—days 56(11.7) 3.6(3.5) 037
Patients who acquired a new infection in PICU 23 (12.0%) 9 (4.3%) 0.003
Duration of mechanical ventilatory support—days 3.1(5.7) 22(26) 0.66
Number of days with hypoglycemia <40 mg/dl—days 0.1(0.6) 0.2 (0.5) 0.11

Data are n (%) or mean (SD)

BMI body mass index, PeLOD pediatric logistic organ dysfunction score, PICU pediatric intensive care unit, PIM3 pediatric index of mortality 3 score, PN parenteral

nutrition, SD standard deviation

2 Scores on the Screening Tool for Risk on Nutritional Status and Growth (STRONGKkids) range from 0 to 5, with a score of 0 indicating a low risk of malnutrition, a score

of 1-3 indicating medium risk, and a score of 4-5 indicating high risk [8]

b pediatric Logistic Organ Dysfunction (PeLOD) scores range from 0 to 71, with higher scores indicating more severe illness [9]

¢ Pediatric Index of Mortality 3 (PIM3) scores, with higher scores indicating a higher risk of mortality [10]

d pediatric Index of Mortality 3 (PIM3) probability of death, ranging from 0 to 100%, with higher percentages indicating a higher probability of death in PICU

€ A pre-randomization syndrome or illness a priori defined as affecting or possibly affecting neurocognitive development (Additional file 2)

f P values were calculated with Wilcoxon Rank Sum tests for continuous data, and Chi square tests for proportions

The identification of a biological basis for long-term
developmental problems in critically ill children opens
perspectives for prevention and treatment. Ideally, the
epigenetic changes that arise during PICU stay should be
prevented. This was found to be the case for a part of the

DNA methylation changes which were induced by the
use of early-PN and which could be avoided by omitting
PN until beyond the first week of critical illness. How-
ever, the early-PN induced alterations in DNA methyla-
tion only accounted for 37 of the 159 previously identified



Page 6 of 10

146

(2021) 13

Jacobs et al. Clin Epigenet

[5] paquasap Ajsnoinaid se

' 51uablaiuy, 10 ! sisordody/o1usbodu, ausbopnasd/ YNy Bulpod-uop, | 1iodsuel| /buljeubis Jejnj924aiul/eiul, uolie|nbas d1susbidi/uoneinbal yYNQ/UoIssaIdxa aUsD), | WSI|0GRISA, | UoIIOW0d07
/AU3WdO[RASJ/YIMOID), |, [EUOINSU/|IGRISD), SISSE|D [PUOIDUNY 31IS-HAD) 01 BUIpIOd2e PIPO-10|0D SI UIRIHOIPUSP ULIN|OD 31 JO 3Se 3y "SueiboIpusp syl Ul umoys Ayoielaly bupaisnpd ayi

YUM ‘S315UaND3IJ 95941 UO Paseq Palaisn|d alam sa1is-Hd?) pue sauodin “Aousnbaly 1aybiy e 01 buipuodsaiiod s10j0d 36uUeIO Jayiep yum ‘saskjeue paledijdas paddeinsiooq 00| 9yl Ul SSWodINo
|BIOIARYDQ SY3 YIM P31BIDOSSE (G0'0 > d) Apuedyiubis pue Ajpuspuadspul 8¢ 03 punoj sem a1s-5d) e ydiym yum Aousnbaiy sy s199Ja4 $aXoq 3y Jo A)suaiul 100D ‘Nd-A[es Aq paiejAyiawl
AJ[BRUIaYIP 319M 1B $31Is-DAD /€ dYy1 01 puodsaliod suwnjoD ‘sws|go.d [eJoiAey2q (P10 pue Buizijeua1xa ‘buizijeulaiul 24 10) S|POW Jeaul|-Uou 3|geLeAlRNW 3y Jo sa1edljdal densiooq 00|
931 01 spuodsaniod Moi Yoeg ‘[{| ‘e |] sa1edldal paddeisiooq Q| Ul Pa1en|eAs sem $1Nsal 959yl JO $SaUISNgol 9y [G] Nd-A|Jea AQ payoAs sauis-HdD) palejAyiaw Ajjeusiagip /€ 3yl (g [oued) yum
10 (v [2ued) INOYIM 'UOIIUSAISIU] PSZILIOPURI Y} PUB (31035 SPIYDNOYLS) UOIIIINUIRW JO %S (1005 0OT13d PUB €IAId) SSaUJ|1 JO A1IaASS pue sisoubelp ‘(7 3]y [euonIppY) ,2U0oIpuAs, pauyapaid e
‘Koueubijew Jo A101s1y ‘9benbue| ‘uiblio d1ydelboab xS ‘9.l 1a1Uad ‘9be SI012e) S dul|eseq ay1 buipnidul ‘71 ‘| 1] 9duerodwi uoieinuwiiad A paulrlqo S|9A3] 92UBDLIUDIS 91eLIBAOD YLIM ‘DUluIe))
SUIYDRUI 1S210§ WOPUERI WO PYNSaI S|I9POW 3|geleAlNU ||y ‘dn-mo||o} 1eak- 1e payiiuapl swajgoid [eioineyaq [p10l pue Buizijeulsixs ‘buizijeulsiul uo Nd-Ajies jo 1oedwi [njuiiey ayi buuiejdxs
AJ[eonsiels ul [g] seus-Hdd /€ Jo uonejAyiawl YN 21400%Nn3| palaie Ajasianpe paonpul-Nd-A|1ea Jo 3|0l Aue 21ebi1sanul 03 pawiopiad a1am eyl sasAjeue UoeIpaw Y3 JO S}NSal 8yl sazieuwns
2INBY SIY] "Nd-A4BS Y1IM SSUODINO [PIOIABYSQ/|BUOOWS WIS)-buo| paiieduw buiuiejdxa ul uonejAyiaw yYNQ Ul suoiesdlje pasnpul-Nd-A[Jes ayi Jo sjos buneipaw ayi Jo uonezijensip g *bi4

wsijogqelay
S150}dody/01USBOOUQ e
oluabiau|
Jodsue] /6ulj[euBiS Je|n||90Iajul —BIIU| e
UONOWO000AUBIACIOASQ/YIMOIS) e
uonejnBe ol I VNG, BUOD)
w:wmou:wmn_)\zm Buipoo-uoN
[BUOINGL/[BIGOIDD) e

saliobsjeo a)g

%001 — %56
%56 ~ %06
%06 — %58
%G8 ~ %08

%08 — %SL

%SL = %0L

sienBareojsiueed Aq pejiodel Se Swelqoid [ANOINELSq PUE [EUOOW [[218A0 %0L ~ %S9
%89 — %09

%09 — %SG

%8G — %05

%05 — %St

%S = %0

sionBoreo/siuaied Aq peyiodas se sweiqoid BusieuIeiXg %0 — %SE
%SE — %0E

%0E — %SC

%ST ~ %08

%02 — %Sk

%Sk = %0k

si1anBaseossiuased Aq pariodai se swajgoud Bur | %0k — %SG
%G = %0

(%) seodai desisjooq

H H =n PNl E EH'' BE'E m T | 11 S90UAIR0 LB

_

g v

€8LLy01160
22ee6ee000
1612111160
68v8162060
89980£9260
91905+160
16£8£05060
S2L6161160
95252£L060
1656047160
9£99.02260
961 10£9160
£88v.22160
95.2v81060
12Le8yv060
6478262160
2vLE508260
26.£899260
£602270160
L6Lv9ev160
Lozees, 6o
062v£15060
1110087160
65€592260
299v808260
626225.160
8621207160
vE66YY9060
1095424260

Nd-Al1ea o} uoyesiwopues
Nd-AlIE8 0} uonesILopUE:

S168v.2y160
851285060
¥602€L0160
988v08.160
2/25Lyveho
852868060
688.890060
S90€617060




Jacobs et al. Clin Epigenet (2021) 13:146

Page 7 of 10

Table 3 Added explanatory power by early-PN-induced altered DNA methylation in predicting more emotional/behavioral problems

with early-PN

Outcome assessed at 4-years follow-up

Non-linear regression models

Without randomized intervention

With randomized
intervention

R% Fold-increaseinR® R Fold-
increase
in R
Internalizing problems as reported by parents/caregivers 0618 2026 0619 1.851
Externalizing problems as reported by parents/caregivers 0.603 1.813 0.603 1.710
Total problems as reported by parents/caregivers 0613 1.868 0614 1.771

All models were evaluated in 100 bootstrapped replicates. Baseline risk factors included age, center, race [7], gender, geographic origin [7], language, history of
malignancy, diabetes, a predefined “syndrome” (Additional file 2), diagnosis and severity of illness (PIM3 and PeLOD) [9, 10], and risk of malnutrition (STRONGkids) [8].

R?for non-linear models computed according to Rubin’s rules
PN parenteral nutrition

2 Optimism-corrected R? of multivariable non-linear random forest regression models for outcomes assessed at 4-years follow-up including 37 differentiall
P ¢} 04 p 9 y

methylated CpG-sites and baseline risk factors

b Optimism-corrected R? fold-increase with respect to multivariable non-linear regression models including baseline risk factors only

¢ Optimism-corrected R? of multivariable non-linear random forest regression models for outcomes assessed at 4-years follow-up including 37 differentially

methylated CpG-sites, baseline risk factors and the randomized intervention

4 Optimism-corrected R? fold-increase with respect to multivariable non-linear random forest regression models only including baseline risk factors and the

randomized intervention

CpG-sites that are altered by critical illness and/or its
management [5]. Hence, other contributing factors must
play a role and perhaps some of these are also modifiable.

A limitation of this study, and of the previous study
that identified the de novo DNA methylation changes
[5], relates to the use of leukocyte DNA in relation to
potential tissue-specificity of DNA methylation changes.
However, overlapping DNA methylation changes have
been described for brain and leukocytes [20, 21] and we
previously showed that 8 of the 10 CpG-sites differen-
tially methylated by early PN versus late PN for which
cross-tissue comparison was possible showed a signifi-
cant correlation between blood and brain [5] (the thresh-
old of significance not being reached for cg14109551 in
CEPS85L and ¢g22076676 in THADA, Additional file 1).
Other limitations are the potential underestimation of
the number of affected CpG-sites due to exclusion of
all CpG-sites that were already differentially methylated
upon PICU admission versus healthy children, the poten-
tial underestimation of the number of hypomethylated
CpG-sites as the bisulfite conversion procedure does not
discriminate between 5-methylcytosine or 5-hydroxym-
ethylcytosine (which is a first step towards demethyla-
tion), and the reduced sample size of patients who were
assessed for altered DNA methylation and were tested for
neurocognitive development as compared with the origi-
nal study cohort of patients. An additional limitation is
the absence of assessment of effects of DNA methylation
on corresponding gene expression, which also implies
that confirmation with the two-step Mendelian rand-
omization approach [22, 23] of an epigenetic mediating
effect as suggested in this study was not possible. Also,

we cannot exclude any role of post-randomization expo-
sure, which remains to be investigated in future studies.
Finally, we did not adjust for gestational age, which has
been associated with differential methylation at birth,
even at full term [24].

Conclusions

We showed that aberrant DNA methylation evoked by
the use of early-PN in the PICU, at least in part, mediated
the harmful effect of early-PN on emotional/behavioral
problems observed 4 years later. This finding provides
new insight in a biological basis explaining the harm of
early-PN in the long-term.

Methods

Patients and outcomes at 4-year follow-up

Between 2012 and 2015, 1440 critically ill children
(from term newborns to children 17 years of age), were
included in the multicenter PEPaNIC RCT performed at
the University Hospitals Leuven, Belgium; the Erasmus-
MC Sophia Children’s Hospital, Rotterdam, The Neth-
erlands; and the Stollery Children’s Hospital, Edmonton,
Alberta, Canada (ClinicalTrials.gov NCT01536275) [3].
After informed consent, children were randomly allo-
cated to receiving supplemental parenteral nutrition (PN)
within the first 24 h of PICU admission to reach caloric
targets when enteral nutrition was insufficient (early-PN)
or to postponing this initiation of supplemental PN until
day 8 of PICU admission (late-PN). For most patients
randomized to the late-PN group, this meant receiv-
ing no PN at all in view of discharge before day 8. Sup-
plemental PN was discontinued when enteral nutrition



Jacobs et al. Clin Epigenet (2021) 13:146

reached 80% or more of the caloric target [3]. Parents
gave informed consent to contact them for a 4-year fol-
low-up study. Four years after inclusion, between 2016
and 2019, survival status was assessed and survivors were
screened for eligibility to be tested neurocognitively [6].
If eligible, patients were contacted by phone to schedule
a follow-up visit for medical and neurocognitive assess-
ment, at the hospital or at the patients’ home. Parents or
legal guardians, or patients when 18 years or older, gave
written informed consent according to local regulations.
The institutional review boards at each participating site
approved this follow-up study (ML8052; NL49708.078;
Pro00038098). As described in the clinical 4-year follow-
up study [6], the follow-up visit consisted of measuring
head circumference, body weight and height, and a clini-
cal neurological examination to assess gross neurological
abnormalities. Diagnosis of a somatic or psychiatric ill-
ness and hospital admissions were assessed via a struc-
tured interview with the parents or caregivers. Next,
neurocognitive development was tested extensively by
clinical age-appropriate tests, including intelligence quo-
tient, visuomotor integration, memory, alertness and
motor coordination. Finally, parents or caregivers were
asked to complete questionnaires on executive function-
ing and emotional and behavioral problems of the child.
A total of 684 patients, 328 early-PN and 356 late-PN,
and for comparison 369 matched healthy control chil-
dren were assessed [6]. As inability to fully complete the
neurocognitive test battery may indicate poor neurocog-
nitive function and thus introduce bias [4], missing val-
ues were imputed by chained equations, with use of all
available data per individual [6, 25, 26]. Bias and insta-
bility of the imputation model was minimized by only
including outcomes with <30% missing data [25, 26]. The
number of imputation models was set at 31 to avoid loss
of statistical power [25, 26]. Multivariable linear regres-
sion analyses performed on the 31 imputed datasets
revealed significantly more internalizing, externalizing,
and total emotional/behavioral problems in the early-
PN group as compared with the late-PN group, adjusted
for baseline risk factors including age, center, sex, race,
geographic origin, language, hand preference, history of
malignancy, a predefined syndrome (Additional file 2),
educational and occupational status of the parents/car-
egivers (Additional file 2), admission diagnosis, sever-
ity of illness upon PICU-admission (PIM3 and PeLOD
score), risk of malnutrition (STRONGEkids score), and
parental smoking behavior prior to PICU-admission. For
this developmental domain, the difference between late-
PN patients and healthy controls was no longer present.
An extended description of clinical tests, questionnaires,
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statistical analyses and results of the PEPaNIC 4-year fol-
low-up study has been published elsewhere [6]. Of par-
ticular relevance for the present study is the assessment
of emotional and behavioral problems with use of the
Child Behavior Checklist (CBCL 1.5-5 years or CBCL
6—18 years) [27, 28]. This checklist interrogates internal-
izing, externalizing and total emotional and behavioral
problems [6]. Internalizing problems are evidenced by
anxious and depressive symptoms, and by social with-
drawal, which are consequences of over-controlling
behavior. Externalizing problems are externally directed
problems that affect the environment and present them-
selves in aggressive and delinquent behavior, resulting in
conflicts with others. The total score for the emotional
and behavioral problems includes apart from internal-
izing and externalizing behavioral problems, also sleep
problems for younger children, and social, thinking, and
attention problems for older children.

Assessing the role of the early-PN-induced altered
methylation of 37 CpG-sites in statistically explaining its
negative impact on developmental outcome at 4-years
follow-up

Via a genome-wide DNA methylation analysis with
use of the Infinium® HumanMethylation EPIC Bead-
Chip (Illumina Inc., San Diego, CA), we have previ-
ously identified 37 CpG-sites in leukocyte DNA of
which abnormal de novo alterations in methylation
status were evoked by early-PN as compared with late-
PN [5]. Details on the identification of these 37 CpG-
sites are provided in Additional file 2 and information
on the location of the CpG-sites, gene-related protein
functions, and direction of change is provided in Addi-
tional file 1. In analogy with the earlier 2-year follow-up
study [5], a mediation analysis was performed to inves-
tigate any role of the differential methylation status of
the 37 CpG-sites in statistically explaining the impact
of the randomized intervention on the emotional and
behavioral 4-year follow-up outcomes. To this end, we
performed multivariable non-linear regression analyses
using a random forest technique, adjusted for baseline
risk factors [age, center, sex, race, geographic origin,
language, history of malignancy, a predefined syndrome
(Additional file 2), admission diagnosis, severity of ill-
ness upon PICU-admission (PIM3 and PeLOD score)
and risk of malnutrition (STRONGKkids score)], and fur-
ther for the methylation status of those 37 CpG-sites.
Random forests are a collection of hundreds of decision
trees, each built on resampled data and introducing
additional randomness at each tree node by allowing
only a random subset of predictors to be evaluated in
selecting the best split for that node [12]. We used this
technique to be able to take into account non-linear
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interactions between the intervention and the CpG-
sites or amongst the CpG-sites, as it is known that
disruption of epigenetic networks is a key pathogenic
mechanism of intellectual and developmental disability
[29]. Models including the CpG-sites were built with
and without addition of the randomized intervention.
Covariate significance levels obtained via permutation
importance were used [10]. The technique does not
offer the possibility to obtain a unique regression coef-
ficient for each covariate, but the variable importance
and the derived permutation-based p-values allow to
quantify the relative contribution of each predictor. The
robustness of the results was evaluated by 100 boot-
strapped replicates and the fold-change in optimism-
corrected R? between models with and without addition
of the CpG-sites differentially methylated by early-PN
as compared with late-PN as covariates was calculated
[30]. The optimism-corrected R? refers to the classical
coefficient of determination but with an adjustment
consisting of subtracting the expected optimism from
using a bootstrapped approach, since the performance
measures would otherwise be biased towards values
obtained from overfitted models. The combination of
optimism-corrected R? and p-values for the mediators
(CpG sites) and for the intervention (feeding strategy)
allow showing substantial contribution of the mediat-
ing path in the total effect of the intervention on the
outcome. Heatmaps with dendrograms were used to
visualize and summarize the findings.

Data are presented as means and standard deviations
(SD), or numbers and proportions and were compared
among groups with use of Wilcoxon Rank Sum tests for
continuous data, and Chi square tests for proportions.
Statistical analyses were performed with use of R version
3.5.3, MICE versions 3.4.0 and 3.6.0, and JMP®© version
14.0.0 (SAS Institute, Inc, Cary, NC). Two-sided P-values
at or below 0.05 were considered statistically significant.
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