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ABSTRACT
Introduction  The gut–brain axis plays a crucial role in 
the regulation and development of psychological and 
physical processes. The first year of life is a critical 
period for the development of the gut microbiome, which 
parallels important milestones in establishing sleep rhythm 
and brain development. Growing evidence suggests 
that the gut microbiome influences sleep, cognition and 
early neurodevelopment. For term-born and preterm-
born infants, difficulties in sleep regulation may have 
consequences on health. Identifying effective interventions 
on the gut–brain axis in early life is likely to have long-
term implications for the health and development of at-risk 
infants.
Methods and analyses  In this multicentre, four-group, 
double-blinded, placebo (PLC)-controlled randomised trial 
with a factorial design, 120 preterm-born and 260 term-
born infants will be included. The study will investigate 
whether the administration of daily synbiotics or PLC 
for a duration of 3 months improves sleep patterns and 
neurodevelopmental outcomes up to 2 years of age. The 
trial will also: (1) determine the association between gut 
microbiota, sleep patterns and health outcomes in children 
up to 2 years of age; and (2) leverage the interactions 
between gut microbiota, brain and sleep to develop new 
intervention strategies for at-risk infants.
Ethics and dissemination  The NapBiome trial 
has received ethical approval by the Committee of 
Northwestern and Central Switzerland and Canton 
Vaud, Switzerland (#2024–01681). Outcomes will be 
disseminated through publication and will be presented at 
scientific conferences. Metagenomic data will be shared 
through the European Nucleotide Archive.
Trial registration number  The US National Institutes of 
Health NCT06396689.

INTRODUCTION
The gut–brain axis plays a crucial role in the 
regulation and development of psychological 
and physical processes. Growing evidence 
suggests that the gut microbiome also influ-
ences sleep and cognition.1 The first year of 

life is a critical period for the development 
and stabilisation of the gut microbiome,2–4 
paralleling important milestones in estab-
lishing sleep rhythm and neurodevelop-
ment.5 6 Difficulties in sleep regulation can 
have significant consequences for infants’ 
health and attachment between infants and 
their caregivers.7 Preterm-born infants are 
at higher risk of sleep and neurodevelop-
mental problems,8 9 and 20–30% suffer from 
severe long-term cognitive, motor or visual 
impairments.10 11 Although neonatal care 
has improved over recent decades, different 
situations such as preterm birth, disturbed 
postnatal adaptation, infections and their 
management strategies such as antibiotic 
exposure, parenteral nutrition and enteral 
feeding strategies have an impact on the 
developing brain and disrupt the develop-
ment of the microbiome. Both pathways may 
lead to a wide range of neurodevelopmental 
changes and disabilities that are unad-
dressed with current therapies.12–14 Given 
the proposed importance of both sleep and 
the gut microbiome for brain maturation 

STRENGTHS AND LIMITATIONS OF THIS STUDY
	⇒ A double-blinded and placebo-controlled design en-
sures the reliability and validity of the findings.

	⇒ Comprehensive data collection using various 
physiological as well as subjective measures (eg, 
high-density electroencephalogram, microbiota 
composition, wearable actimetry, questionnaires) to 
assess outcomes, provides a comprehensive evalu-
ation of the intervention’s impact.

	⇒ Inclusion criteria restricting to partially breastfed 
preterm-born and term-born infants may limit ap-
plicability to other groups.

	⇒ The 2-year follow-up may not capture potential 
longer-term effects.
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and behaviour,15–24 identifying effective therapies is 
likely to have long-term implications for the health and 
development of at-risk infants. We hypothesise that the 
establishment of a healthy gut microbiome during early 
life is vital for short- and long-term child health, as dysbi-
osis may harm sleep regulation, brain connectivity and 
neurobehavioural development. We hypothesise that 
the administration of synbiotics (SYN) improves micro-
biota establishment, sleep and neurodevelopmental 
outcomes.

The gut microbiome consists of trillions of microbes 
inhabiting the gastrointestinal tract and provides the 
most significant interface for host-microbial interac-
tion.25 During infancy, the microbiome undergoes its 
most dramatic period of development, mirroring the crit-
ical stages of physiological and immunological establish-
ment.26 27 Exposure to the mother’s microbiome during 
and following birth is an essential source of microbiota 
for the infant, and early disruptions, for example, from 
caesarean section and antibiotic use disrupt microbiome 
establishment.3 28 Similarly, the early gut microbiota of 
preterm infants is altered, characterised by low microbial 
diversity and delayed colonisation with Bifidobacterium 
and Lactobacillus,4 genera often associated with health 
benefits.29 Dysbiosis during infancy has been implicated 
in increased risk for metabolic and immune diseases, 
including diabetes,30 eczema,31 asthma30 32 33 and allergic 
disorders.29 34 Hence, early life represents a critical ‘window 
of opportunity’ for supporting the healthy establish-
ment of the gut microbiome and later health outcomes. 
However, despite promising correlations to sleep, neuro-
developmental and behavioural outcomes,35 36 causative 
links must be established to enable translational strategies 
for improving health in children.

The benefits of probiotics (live microorganisms that 
can provide health benefits when consumed in adequate 
amounts) and SYN (combinations of probiotics and 
prebiotics, which are non-digestible food ingredients that 
stimulate the growth and activity of beneficial microor-
ganisms) for infant health is an area of active research. 
Probiotics reduce the risk of necrotising enterocolitis 
in both preterm-born and low birth weight infants.37–39 
Furthermore, probiotics also reduce the length of 
hospital stay of preterm infants38 and have been associ-
ated with a reduction in infant crying.40 Supplementation 
of infants with prebiotics and probiotics has been associ-
ated with improving intestinal health markers,41 such as 
short-chain fatty acid (SCFA) production, decreased gut 
pH,42 43 colonisation resistance to pathogens,44 improved 
vaccine responses,45 cognition,46 sleep patterns,47 sleep 
architecture and brain activity.48 In one small randomised 
controlled trial, the administration of Bifidobacterium 
animalis subsp. lactis BB‐12 led to an increase in sleep dura-
tion in infants.49 Although a few small studies have found 
no association between the administration of probiotics 
and cognitive outcomes,50 they have mainly used single-
bacteria probiotics instead of SYN containing multiple 
species and prebiotics.

Gut microbiota modulate various neurophysiolog-
ical functions in the host, including cognitive function, 
through the secretion of neuroactive molecules and 
immunomodulation.20 51 It is becoming increasingly 
clear that the gut–brain axis also (in)directly impacts 
sleep. The gut microbiome exhibits cyclic, diurnal regu-
lation52–54 and dysregulated sleep alters gut microbiota 
composition,52 55 56 metabolism and translocation.57 58 
Development of the gut microbiome in early life paral-
lels the establishment of the serotonergic and stress 
systems, suggesting possible interactions with long-
term effects.59–61 In infants, nighttime sleep fragmenta-
tion and duration are associated with SCFA-producing 
gut microbiota62 and faecal propionate levels.63 SCFA 
concentrations fluctuate rhythmically over the course of 
a day64 and can influence both circadian rhythm-related 
genes and sleep.65 66 Thus, interest in SCFA-targeted 
therapies is increasing due to their close connection 
with sleep and associated psychological and metabolic 
health.67

In this multicentre, four-group, double-blinded, 
placebo (PLC)-controlled randomised trial with a facto-
rial design, 120 preterm-born and 260 term-born infants 
will be included. The study will investigate whether the 
administration of daily SYN or PLC for a duration of 
3 months improves sleep patterns and neurodevelop-
mental outcomes up to 2 years of age. The trial will also: 
(1) demonstrate the association between gut microbiota, 
sleep patterns and health outcomes in children up to 2 
years of age; and (2) leverage the interactions between 
gut microbiota, brain and sleep to develop new interven-
tion strategies for at-risk infants.

Breath metabolomics has gained attention as a non-
invasive and sensitive method for detecting biomarkers, 
offering a promising alternative to traditional, more inva-
sive techniques like blood and urine analyses. Exhaled 
breath contains volatile organic compounds and aerosol 
particles that reflect metabolic processes, making it useful 
for diagnosing diseases, monitoring treatment responses 
and assessing nutritional intake. Recent advances in chem-
ical sensing technologies and mass spectrometry (MS) 
have enhanced the ability to analyse breath in real-time, 
allowing for the detection of health-related biomarkers. 
Understanding breath metabolomics could improve diag-
nostic precision, offering insights into health and metab-
olism, and paving the way for personalised health and 
nutritional strategies.

Determining the relationship between preterm 
birth, gut microbiota, infant sleep patterns and 
their potential association with neurodevelopmental 
outcomes will provide stronger evidence for targeted 
early interventions. Additionally, this study will form 
the basis for developing strategies to support neurode-
velopmental health in preterm and term-born infants, 
including tailored SYN and the potential develop-
ment of postbiotics. By identifying microorganisms 
that regulate host circadian rhythms and investigating 
biomarkers for neurodevelopment, we aim to advance 
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early prevention methods for developmental and 
mental illnesses.

Hypothesis and objectives
Hypothesis
In both preterm-born and term-born infants, the compo-
sition of the gut microbiota is associated with the estab-
lishment of sleep rhythmicity, neuronal connectivity, 
neurobehavioural development and various other health 
outcomes, all of which can be influenced by the adminis-
tration of SYN.

Primary objectives
This study aims to investigate how exposure to SYN influ-
ences the gut microbiome composition (metagenomes) 
and metabolomes, as well as (1) the development of sleep 
patterns and physiological markers of circadian rhythm 
(ie, diurnal breath metabolome profiling), (2) neuro-
physiology and (3) neurobehavioural development.

METHODS AND ANALYSIS
Study design
Multicentre, four-group, double-blinded, PLC-controlled 
randomised trial with a factorial design including 120 
preterm-born and 260 term-born infants born at the hospi-
tals in Fribourg and Lucerne. Infants will be randomised 
at birth (up to a maximum of 7 days of life) to either 
receive daily SYN or a PLC for a duration of 3 months 
(n=60 preterm-born infants assigned to ‘synbiotics’ 
(PRET-SYN), n=60 preterm-born infants to ‘placebo’ 
(PRET-PLC), n=130 term-born infants to ‘synbiotics’ 
(TERM-SYN) and n=130 term-born infants to ‘placebo’ 
(TERM-PLC) (figure 1). Infants will be followed longitu-
dinally until 2 years of age with an assessment of micro-
bial, sleep, breath, health and developmental parameters 
with methodologies aligned with previous and ongoing 
studies.68 69 The study period will run from 1 March 2025 
to 28 February 2029.

Eligibility criteria
Inclusion criteria
For the preterm group, neonates born between a gesta-
tional age of 34 0/7 to 36 6/7 weeks and, for the term 
group, neonates born at a gestational age of ≥37 0/7 
weeks will be included. At inclusion, infants need to be at 
least partially breastfed.

Exclusion criteria
Infants who (1) receive probiotics outside the trial design, 
(2) birth weight<1500 g, (3) were prenatally drug-exposed 
(cannabis, cocaine, heroin, opiates and alcohol), (4) have 
suspected or confirmed immunodeficiency or (5) have 
an underlying disease (excluding transient conditions 
such as alimentation problems, hyperbilirubinaemia, 
hypoglycaemia, anaemia, respiratory distress syndrome 
or apnoea–bradycardia syndrome), congenital malforma-
tions, central nervous system disease or injury or congen-
ital infections.

Justification
There is an early life ‘critical window’ during which the 
microbiota and many physiological processes develop 
concurrently. Only by studying infants can this complex 
interplay be investigated. The research questions cannot 
be answered in older children or adults. As the interven-
tion has already proven safe and is used in routine care 
(prevention of necrotising enterocolitis), and no invasive 
procedures are necessary, the study poses an acceptable 
burden on participants.

Outcomes
Primary endpoints

	► Sleep-wake behaviour: Brief Infant Sleep Question-
naire; actimetry and sleep-wake diary.

	► Neuronal connectivity: high-density electroencepha-
logram (hdEEG) assessed during sleep.

	► Neurobehavioural development: Bayley Scales of 
Infant Development (BSID).

Figure 1  Assessment overview. SYN refers to the synbiotic intervention and PLC to placebo, PRET refers to preterm-born 
infants, TERM to term-born infants. Ages are given in months (m).
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	► Behaviour: Infant Behaviour Questionnaire, 
eye-tracking.

	► Gut microbiota: composition of stool microbiota.
	► Stool metabolome: composition of stool metabolites.
	► Breath metabolome: composition of breath metabo-

lites (exhalome).

Secondary endpoints
	► Eczema: Patient-Oriented Eczema Measure (POEM) 

score and SCORing Atopic Dermatitis scoring system 
(SCORAD).

	► Food allergy: skin prick test.
	► Rates of infection: number of episodes.
	► Microbiota: breast milk, nasal, oral.

Study intervention
SYN intervention
The two SYN infant groups will receive one capsule of 
the dietary supplement daily. The capsule contains Lacto-
bacillus helveticus R0052, Bifidobacterium infantis R0033 
and Bifidobacterium bifidum R0071 (3 billion bacteria per 
capsule), as well as zinc oxide, potato starch fructooligo-
saccharides, coating agent, methyl hydroxypropyl cellu-
lose, anticaking agent and magnesium stearate. The 
supplement is used in routine care in preterm infants 
in Switzerland to prevent necrotising enterocolitis, late-
onset and death.

PLC intervention
The PLC infant group will receive capsules containing the 
same ingredients but without bacteria and potato starch 
fructooligosaccharides.

The content of the SYN and PLC capsule will be diluted 
in 3.6 mL water and given orally in the morning. The 
study nurse or the local investigators will explain the 
administration of the SYN or PLC to the parents.

Recruitment, screening, informed consent procedure and 
discontinuation
Parents or caregivers of newborns fulfilling the inclusion 
criteria will be approached by a study nurse or doctor 
and asked to consider enrolling their infant in the study. 
The investigators will explain the nature of the study, its 
purpose, procedures, expected duration, potential risks 
and benefits. Parents will be informed that participation 
in the study is voluntary, that they may withdraw their 
infant’s participation at any time, and that withdrawal of 
consent will not affect the infant’s subsequent medical 
assistance and treatment. Parents will be informed that 
their infant’s medical records may be examined by autho-
rised individuals other than their treating physician.

Parents will be provided with participant information 
and a consent form describing the study and providing 
sufficient information to make an informed decision about 
their infant’s participation in the study (online supple-
mental data). They will be given ample time to decide 
whether or not to participate. If subjects are eligible and 
families are willing to participate, the consent form will 
be signed by the parents and the sponsor–investigator or 

the designated representative or completed online with a 
digital, dated signature. The consent form will be retained 
as part of the study records. Formal written consent of 
parents will be obtained before the infant is submitted 
to any study procedure. An electronic copy of the signed 
informed consent will be provided to the parents.

If an infant becomes seriously ill during the study (eg, 
requires major surgery or develops sepsis), they will be 
excluded, and the study intervention will be unblinded.

Patient and public involvement
Patients and the public were not involved in the design 
of this study. The results of this study will be disseminated 
to parents of the study participants via a participant news-
letter distributed by email.

Randomisation
Participants within the preterm and term groups will be 
randomly allocated to intervention or control groups, 
using a web-based randomisation procedure, stratified 
by study centre, delivery mode and gestational age in 
randomly permuted blocks of variable length (4 or 8), 
enabling the prevention of predictability of interven-
tion assignments. The randomisation lists will be gener-
ated prior to the initiation of the study by someone not 
involved in the study analysis and will be integrated into 
Research Electronic Data Capture (REDCap).

Blinding
Parents will be blinded to the intervention (SYN or PLC). 
The research team will be blinded to the group of infants 
when outcomes are measured.

Data statement section
All data collected by study personnel will be directly 
entered into the REDCap. Standard protocols will be 
used to collect data to ensure they are reliable and consis-
tent. Source data will be collected from medical records 
(routinely collected data before and during delivery). All 
study personnel will be instructed, trained and supervised 
on a regular basis to correctly collect and enter data into 
the electronic database.

Participants are only identified by a unique participant 
number. The participant identification list will be stored 
by the principal investigators on the server of the univer-
sity and will be protected from unauthorised or accidental 
disclosure by password.

Further, data will then be generated by parents through 
computer-assisted questionnaires. Answers from parents' 
questionnaires are directly linked to the electronic data-
base which will minimise errors in data collection. The 
data is saved on a server provided by the university, which 
has adequate data protection in place. The final trial 
data set will be accessible to the principal investigators, 
co-investigators and designated members of the research 
team who are directly involved in the analysis and inter-
pretation of the study results. Access to the data set will be 
governed by the study’s data management plan, ensuring 

https://dx.doi.org/10.1136/bmjopen-2024-092938
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that only authorised personnel can view or analyse the 
data.

An independent Data Safety and Monitoring Committee 
will be formed before the study begins, consisting of 
researchers who are independent of the sponsors and 
have no competing interests.

Metagenomic data will be shared through the Euro-
pean Nucleotide Archive (ENA).

Interim analyses and safety
Interim analyses will be conducted at predetermined 
intervals to assess safety, efficacy and overall trial progress. 
The first interim analysis will occur after 25% of partici-
pants have completed the study protocol, and subsequent 
analyses will be conducted after 50% and 75% of partic-
ipants have completed the protocol. The purpose of 
these interim analyses is to identify any significant safety 
concerns, evidence of overwhelming efficacy or futility in 
continuing the trial.

Adverse events (AEs) will be actively monitored and 
collected throughout the study period. Investigators will 
record all solicited AEs as specified in the study protocol. 
Additionally, any spontaneously reported AEs, unex-
pected symptoms or unintended effects observed by 
investigators or reported by participants will also be docu-
mented. All AEs will be recorded in the case report forms 
and entered into the study database. Serious AEs will 
be reported to the study sponsor, ethics committee and 
regulatory authorities within 24 hours of becoming aware 
of the event. Regular summary reports of AEs will be 
provided to the Data Safety and Monitoring Committee 
for ongoing safety evaluation.

Study outcome measures
Outcome measures
All infants will undergo a set of basic assessments (details 
follow), while two subgroups will receive additional 
exploratory and more comprehensive evaluations: hdEEG 
during sleep (n=40) and exhalomics (n=40) (ie, n=10 per 
treatment group), each supplemented by ankle/wrist 
actimetry measures. We will use internationally accepted 
validated measures for clinical outcomes (table 1). The 
research team will be blinded to group allocation when 
outcomes are measured.

Questionnaires
We will distribute online surveys to record parental 
ancestry, sociodemographic data, smoking habits, family 
history of allergies, eczema, asthma and other immune 
disorders, and antenatal variables such as maternal age, 
diet, weight, underlying diseases, medication and supple-
mentation use (eg, probiotics and vitamins). We will also 
collect perinatal (gestational age at birth, delivery mode, 
birth weight, height and cranial perimeter, duration of 
hospitalisation, oxygen administration, infections, with 
particular attention to the use of antibiotics and other 
medication), dietary (breastfeeding, age at introduction 
of formula and new foods, use of probiotics and vitamins), 

medical (vaccinations, use of antibiotics and other medi-
cations, medical visits, illnesses including infections, aller-
gies, eczema and hospital admissions) and environmental 
data (number of siblings, child care attendance, pets and 
farm animals). Specific questionnaires focusing on the 
child’s sleep behaviour and attitude towards parenting 
(schedules) will be used. Data will be stored using the 
REDCap database.70

Sleep
Sleep neurophysiology (hdEEG) will be assessed during 
home visits (sponge electrode nets, 124 electrodes, 
Electrical Geodesics Sensor Net, Electrical Geodesics; 
amplifier and software MES, Brain Products) following 
infants’ habitual timing of evening sleep.71 Impedances 
will be kept below 50 kΩ, and data will be referenced to 
the vertex and sampled at 500 Hz (filtered 0.01–200 Hz). 
Electrodes will be removed after a maximum of 120 min, 
or sooner if the infant remains unsettled after waking. 
Actimetry (GENEActiv) will be used to assess habitual 
sleep–wake behaviour based on infant leg (or arm) move-
ment, in conjunction with a 24-hour sleep-wake protocol 
conducted over up to 10 days.72 This method has good 
agreement with gold-standard sleep parameters73 (sensi-
tivity 74–99%, specificity 59–77%).74

Cognitive development
Neurobehaviour. During the visit at the clinic, trained 
team members will use BSID75 to capture motor, language 
and cognitive development (BSID-III, 45–60 min per 
session; video recordings will record different angles to 
code infant behaviour off-line). Eye tracking. A software 
using a webcam-linked eye tracker will be implemented 
to explore and assess visual attention at home through 
computer vision and machine learning.76

Secondary outcomes
Eczema: the presence of eczema will be evaluated using 
the UK diagnostic tool on the online questionnaires and 
at clinical assessments during study visits.77–79 Age of 
onset, use of topical steroids, and severity will be evalu-
ated (POEM score80 in questionnaires, SCORAD during 
study visits).81 Food allergy: food allergies will be eval-
uated as a parent report of a doctor‐diagnosed food 
allergy with or without a positive skin prick test to the 
relevant food allergen to capture both immunoglobulin 
(Ig)E and non‐IgE–mediated food allergy phenotypes. 
Acute otitis media (AOM), lower respiratory tract infec-
tion (LRTI), urinary tract infection (URTI): Number of 
episodes of AOM and URTI will be evaluated by parent 
report of doctor-diagnosed episodes. Symptoms of LRTI 
(such as cough and wheezing with or without fever)82 83 
will be recorded by parents in the questionnaires. Anti-
biotic exposure: antibiotic intake, including the name 
of the drug, dose, administration route, interval and a 
number of doses, will be recorded by parents and veri-
fied by patients’ records if necessary. Hospitalisation for 
infection: number and reason for hospitalisation will be 
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recorded by parents and verified by patients records if 
necessary. Growth: weight, height and head circumfer-
ence will be recorded by parents and assessed during the 
clinical examination. The WHO Child Growth Standards 
will be used as a reference for percentiles.84 Skin prick 
tests: sensitisation to the following panel of allergens 
will be in children whose parents consent to this compo-
nent of the study: cow’s milk, egg, peanut, sesame, house 
dust mite (Dermatophagoides pteronyssinus 1), cat, dog and 
grass pollen. Skin prick allergy testing will be performed 
according to standard guidelines.85

Clinical examination
Children will be reviewed in a specially designated clinic 
by a study nurse or doctor using a structured interview 
and clinical eczema assessment.

Sample collection and storage
Stool: a meconium sample (5–10 g) will be collected from 
infants as soon as possible after birth by a study nurse. 

Parents will then be asked to collect stool samples from 
their infants at the remaining time points and freeze imme-
diately. To minimise variation, parents are asked to collect 
stool from the first bowel movement of the day (with date 
and time recorded). Nasal and oral swabs, breast milk: 
study nurses will collect nasal and oral swabs and 1–2 mL 
of breast milk as soon as possible after birth. Mothers will 
be instructed to collect nasal and oral swabs and approx-
imately 5 mL of breast milk before the first feed of the 
day (a minimum of 2 hours required to the previous feed) 
when infants are 2, 4 and 6 months old. Mothers will be 
instructed to meticulously wash their hands and breasts 
and manually extract breast milk without touching 
the areola. The first few drops will be discarded. eNAT 
tubes (Copan, Italy) for the swabs and sterile containers 
for stool and milk will be provided. Storage of samples: 
parents will be instructed to freeze stool, breast milk and 
nasal and oral swabs in their domestic freezer at approx-
imately −20°C. Samples will be collected by the research 

Table 1  Primary outcome measures for infant cohorts (m=age in months)

Time (chronological age) 0 m 2 m 4 m 6 m 12 m 24 m

Assessments for primary outcomes

 � Questionnaires Sociodemographic, perinatal, dietary and medical data ✓ ✓ ✓ ✓ ✓

 � Sleep Brief Infant Sleep Questionnaire (BISQ)125
✓ ✓ ✓ ✓ ✓

 �  Sleep hdEEG, home visit (subgroupEEG)68 (✓)

 �  Actimetry and sleep-wake diary (subgroupEEG, subgroupBreath 
already at 6 m)5

(✓) (✓) (✓)

 � Neurobehaviour Bayley Scales of Infant Development75
✓

 �  Infant Behaviour Questionnaire (IBQ)126
✓ ✓ ✓

 �  Eye tracking (subgroupEEG, subgroupBreath)76 (✓)

 � Microbiota and 
metabolome

Stool sample69
✓ ✓ ✓ ✓ ✓ ✓

 � Breath 
metabolome

Exhalomics (subgroupBreath)81 (✓) (✓) (✓) (✓)

Assessments for secondary outcomes

 � Questionnaires Eczema77–79
✓ ✓ ✓ ✓ ✓

 �  Food allergy ✓ ✓ ✓ ✓ ✓

 �  Acute otitis media, lower respiratory tract infection, urinary 
tract infection, antibiotic intake (drug, dose and length), 
hospitalisations for infection82 83

✓ ✓ ✓ ✓ ✓ ✓

 �  Weight, height and head circumference84
✓ ✓ ✓ ✓ ✓ ✓

 � Clinical 
examination

Structured interview, clinical eczema assessment80 81
✓ ✓

 � Skin prick test Allergic sensitisation (optional)85 (✓)

 � Microbiota Breast milk sample for biobank (optional) (✓) (✓) (✓) (✓) (✓) (✓)

 �  Nasal swab for biobank (optional) (✓) (✓) (✓) (✓) (✓) (✓)

 �  Oral swab for biobank (optional) (✓) (✓) (✓) (✓) (✓) (✓)

 � Blood Serum for biobank (optional) (✓) (✓)

The 6-month assessment will be done in a home visit, the 12-month and 24-month assessments during a hospital visit.
hdEEG, high-density electroencephalogram.
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team, kept frozen during transportation to the laboratory 
where they will be aliquoted and stored at −80°C. Blood: 
if blood is drawn during routine care in the first week of 
life, we will ask for the parent’s permission to store 1–2 mL. 
During the clinical examination at 12 and 24 months of 
age, blood will be collected by fingertip puncture from 
children whose parents consent to this component of the 
study. Biobank: nasal and oral swabs and breast milk will 
be stored in the Swiss Biobanking Platform (VITA label) 
for future projects to evaluate the effect of the microbiota 
on the immune system.

EEG data preprocessing, sample preparation, variable 
extraction
Sleep
Basic variables quantifying sleep rhythm will be computed 
from surveys.86 EEG data will be preprocessed according 
to in-laboratory standards, including bandpass filtering 
0.5–50 Hz, downsampling, sleep stage scoring,87 semi-
automatic artefact rejection, data re-referencing; and 
hdEEG processing will be completed71 88 to compute 
sleep architecture, spectral analysis, slow wave activity and 
wave morphology. Neurodevelopmental markers will be 
derived on a topographical dimension.89 Actigraphy will 
be calibrated according to in-laboratory standards5 72 90 to 
compute markers of rhythm, for e.g., circadian function 
index.91

Stool DNA extraction
DNA from stool samples (approximately 200 mg) will be 
extracted using the MagMAX Microbiome Nucleic Acid 
Isolation Kit (including bead beating). Concentrations 
will be quantified using a Qubit 4.0 fluorometer (Thermo 
Fisher Scientific, Waltham, Massachusetts, USA) and 
high-sensitivity reagents. Bacteria and fungi will be quan-
tified by broad-range quantitative PCR.

Shotgun metagenome sequencing
Library preparation will be done using Nextera DNA Flex 
Library Preparations Kits. Extracted DNA will be indexed 
with IDT Illumina Nextera DNA Unique Dual Indexes 
to allow analysis of pooled samples. 150 bp pair-end 
sequencing will be done using an Illumina NextSeq or 
NovaSeq. The required sequencing depth to provide 
adequate coverage of microbial communities for taxo-
nomic profiling will be determined by rarefaction curves. 
We will aim for a minimum yield of 5×107 read pairs 
per sample. Appropriate negative controls (including 
sampling and extraction blanks, etc) and positive controls 
of mock communities will be included. These controls 
will be sequenced with the samples to identify potential 
environmental and laboratory contaminants.

Exhalomics
Breath samples from a subset of infants (n=40 taken up 
to five times within a 24-hour day and across four time 
points 0, 6, 12, 24 months) will be analysed using offline 
metabolomics analysis using MS to capture diurnal 
compound dynamics using a secondary electrospray 

ionisation (SESI) source purchased from Fossil Ion Tech-
nology SL, coupled with a high-resolution MS system (Q 
Exactive Orbitrap, Thermo Fisher Scientific). SESI-MS is 
a well-established and robust analytical technology that 
was especially developed for in-depth breath character-
isation, with demonstrated applications in adults and 
infants.92–100 1 L sampling bags of gas molecules obtained 
with a paediatric non-invasive face mask are shipped/
transported to the laboratory for analysis SESI-MS; a 
sampling bag desampling system allows collected breath 
molecules to pass through a short-length heated sample 
transfer line into the ionisation chamber for charge 
transfer and ionisation. The produced charged breath 
molecules are then introduced into the mass analyser for 
mass-to-charge separation and detection. Measurements 
are carried out both in the positive and negative ion 
mode, which facilitates the determination of protonated 
and deprotonated species. Mass calibration of the system 
in both ionisation modes is performed once per week 
or more often if required. Mass spectra are recorded in 
the full mass range of interest (m/z 50–500). SESI-MS 
operates at ambient pressure and does not suffer from 
fragmentation issues, enabling tandem MS22 analysis and 
reliable compound identification. It is characterised by 
operational simplicity, high resolving power (240 000), 
high mass accuracy, low limits of detection (sub pptv) and 
low limits of quantification.97 In addition, SESI allows 
the analysis of high molecular weight compounds (up to 
1000 Da) with high polarity, delivering clear molecular 
discrimination and identification in the mass region of 
our interest.

Targeted and untargeted metabolomics analysis
Stool and blood samples will be analysed with standardised 
Liquid Chromatography-Mass Spectrometry (LC-MS) 
methods (reversed-phase and Hydrophilic Interaction 
Liquid Chromatography (HILIC)) for orthogonal metab-
olite coverage and chemical identification using spectral 
libraries. For LC-MS measurements, the sample prepara-
tion and analysis order will be randomised to avoid drifts 
due to preparatory artefacts. Quality control samples and 
blanks will also be injected with the study samples and 
used for the filtering and quality-control steps of the data 
analysis.

Metagenome data analysis
Data will be analysed and processed (quality control, 
denoising) and analysed using the QIIME 2101 micro-
biome bioinformatics platform and MOSHPIT (MOdular 
SHotgun metagenome Pipelines with Integrated prove-
nance Tracking) metagenomics toolkit (https://moshpit.​
readthedocs.io/). Host sequences will be removed by 
mapping against the Human genome with Bowtie2102 and 
Kraken2.103 Metagenome data will be filtered and trimmed 
using Trimmomatic,104 assembled using metaSPAdes,105 
binned with metaBat2,106 annotated with metaProdigal107 
and eggNOG108 and taxonomically binned with Kraken2103 
and Genome Taxonomy Database (GTDB) taxonomy.109 

https://moshpit.readthedocs.io/
https://moshpit.readthedocs.io/
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Data (excluding any human reads) will be released on 
publication through the ENA. Shotgun sequencing is 
chosen here to profile broad-spectrum microbiota compo-
sition as well as genome content, enabling assessment 
of microbe-health interactions at the level of individual 
microbial genes and genomes. Viral metagenomes will be 
analysed using VirSorter2110 for viral sequence discovery, 
quality control with ViromeQC,111 genome assembly with 
MetaviralSPAdes,112 and host range prediction with Clus-
tered Regularly Interspaced Short Palindromic Repeats 
(CRISPR) spacer matching,113 the BacteriophageHost-
Prediction tool114 and Virus-host-DB.115 Diversity anal-
ysis will use the QIIME 2101 microbiome bioinformatics 
platform. Differences in beta diversity will be compared 
using permutational analysis of variance (PERMANOVA), 
permdisp and variance homogeneity will be tested by 
analysis of variance to centroids. Beta diversity differences 
will be visualised using principal coordinates analysis and 
t-SNE clustering. Differential abundance testing will use 
specialised tests that account for the high dimension-
ality, sparsity and compositionality of metagenome data 
(Aldex2116 and ANCOM-BC).117

Statistical power calculation
The required sample size and effect size were calculated 
using the software package evident118 based on indepen-
dent t-tests and Cohen’s D test, respectively, to determine 
a significant difference in beta diversity (Bray Curtis 
dissimilarity). An effect size of 0.36 was estimated using 
data from a previous study of SYN treatment in European 
infants.119 Assuming a power of 0.8, alpha=0.05 and effect 
size of 0.36, our sample size (n=380 infants) exceeds 
the predicted minimum sample size (∼240), and that of 
previous infant cohort studies (both observational and 
those with prebiotic/probiotic interventions) in which 
significant differences in microbiota were observed 
(eg,3 35 120–123). Subgroup sample size for EEG assess-
ment was estimated in relation to feasibility and existing 
at-home infant sleep hdEEG assessments with healthy 
infants.68

Statistical analysis
Microbial variables will be examined in relation to 
infant sleep and behavioural/health outcomes using 
PERMANOVA, linear mixed effect models (with indi-
vidual and time as random effects to account for interin-
dividual variations) and random forest models to examine 
predictive links between longitudinal microbiome matu-
ration and health outcomes.3 Gestational age, delivery 
mode and SYN/PLC will be used for grouping, and 
comparisons are performed for all time points. A factorial 
design will be used to evaluate outcomes of the four inter-
vention groups and quantify the effects for each inter-
vention separately or in combination, that is, PRET-SYN, 
PRET-PLC, TERM-SYN, TERM-PLC. Outcomes will be 
analysed using multivariable regression and binary regres-
sion models, adjusted for the stratification factor of birth 
age and reported with 95% CIs. Analyses will follow the 

intention-to-treat principle, ensuring that all randomised 
participants are analysed in their assigned intervention 
groups, regardless of adherence, to maintain the bene-
fits of randomisation and minimise bias. The average of 
the two interventions will be weighted according to the 
sample sizes and adjusted for the other intervention as 
well as covariates. Age-normative microbiota composition 
will be assessed using supervised learning models trained 
on external, public reference data sets that predict an 
infant’s age based on microbiota composition and calcu-
late a Z-score or similar metric to report deviation in 
predicted age or maturity, similar to previously reported 
methods.124

Missing data
If the fraction of missing data is less than 5%, the primary 
analysis will be a complete case analysis. If not, the rate 
and patterns of missing data will be examined and, if 
appropriate, multiple imputation models will be applied 
for the outcome variables.

Drop-outs
We expect high compliance and minimal missing data 
with maximal participant retainment across the 24-month 
data collection, supported through user-friendly online 
questionnaires, email reminders and only two study 
visits per participant. Study personnel will be thoroughly 
trained and will follow-up with parents to provide data 
and samples. Missing data, if any, will be assumed random. 
Depending on the extent of missing data, case deletion or 
multiple imputation will be used, and reasons for missing 
data will be reported in the study results.

Ethics and dissemination
Ethics approval
The NapBiome trial has received ethical approval by the 
Committee of Northwestern and Central Switzerland and 
Canton Vaud, Switzerland (#2024–01681). The findings 
of the study will be disseminated through multiple chan-
nels. The primary results will be submitted for publica-
tion in peer-reviewed scientific journals and presented at 
national and international conferences related to paediat-
rics, infectious diseases, microbiome research and sleep. 
Additionally, findings will be communicated to health-
care professionals and policymakers through targeted 
presentations and workshops. Public engagement will be 
facilitated through media releases and outreach activities 
to promote awareness of the study’s findings.

Metagenomic sequencing data generated from the 
study will be shared in an open-access format through the 
ENA to support transparency and further research in the 
field. Additional de-identified data sets will be available 
on reasonable request to the study investigators, following 
institutional and ethical guidelines.
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DISCUSSION
The NapBiome trial is designed to address the gap in 
understanding the relationship between gut microbiota, 
sleep patterns and neurodevelopment in early childhood. 
By leveraging a rigorous, multicentre, double-blinded, 
PLC-controlled randomised trial with a factorial design, 
this study aims to provide insights into how SYN supple-
mentation influences these interconnected biological 
processes. While existing literature suggests a role for 
the gut microbiome in neurodevelopment and sleep 
regulation, causality remains difficult to establish due to 
confounding factors and the complex interplay between 
host and microbial factors. Our study aims to disentangle 
these relationships through longitudinal assessments and 
multiomics integration, thereby contributing valuable 
data to this emerging field.

One of the major strengths of this study is its robust 
methodological design. The double-blinded, PLC-
controlled nature of the trial minimises bias and enhances 
the reliability of findings. The inclusion of both preterm-
born and term-born infants allows for the examination 
of differential effects across these populations, specifi-
cally testing a targeted intervention for an at-risk group. 
Furthermore, the integration of multiomics approaches, 
including metagenomics, metabolomics and exhalomics, 
enables a comprehensive assessment of gut microbiota 
composition, functional metabolic outputs and their asso-
ciations with sleep regulatory and neurodevelopmental 
parameters.

Another strength is the extensive and longitudinal data 
collection. The use of hdEEG, actigraphy, (neuro)devel-
opmental assessments and detailed parental question-
naires provides a unique multidimensional view of the 
intervention’s effects. The inclusion of a 2-year follow-up 
period allows for the observation of sustained impacts 
beyond the immediate intervention phase, offering a 
complete picture of developmental trajectories.

Despite these strengths, there are inherent limitations 
to the study. First, the restriction of eligibility to partially 
breastfed infants may limit the generalisability of findings 
to exclusively formula-fed or exclusively breastfed infants, 
who may have different gut microbiota profiles and 
responses to SYN supplementation. Additionally, while 
the 2-year follow-up is valuable, it may not capture poten-
tial developmental effects beyond this window, necessi-
tating future studies with extended follow-up periods into 
school age and adolescence.

Another limitation is the complexity of gut microbiota 
interactions, which are influenced by numerous environ-
mental and genetic factors. While we attempt to account 
for confounders through extensive metadata collec-
tion and stratification, residual confounding remains a 
possibility. Additionally, while metagenomic sequencing 
provides comprehensive taxonomic and functional 
insights, it cannot establish causal mechanisms on its 
own, for which follow-up targeted intervention trials will 
be required.

The expected outcomes of this study include a better 
understanding of how SYN supplementation influences 
gut microbiota composition and function, sleep/circa-
dian regulation and neurodevelopment in early child-
hood. We anticipate identifying key microbial taxa and 
metabolites associated with improved sleep regulation 
and neurodevelopmental outcomes, which could inform 
future targeted interventions. Furthermore, the study’s 
findings may contribute to the development of early-life 
microbiome-based strategies aimed at cognitive devel-
opment, particularly in vulnerable populations such as 
preterm-born infants.

By elucidating the role of gut microbiota in early 
neurodevelopment, this study has the potential to inform 
clinical guidelines and public health strategies. If SYN 
supplementation is found to have beneficial effects, it 
could pave the way for larger-scale trials and implementa-
tion in neonatal care practices.

In conclusion, while this study is subject to certain 
limitations, its strengths in design, data collection and 
multiomics integration position it to make substantial 
contributions to understanding the gut–brain-sleep axis 
in early life. The insights gained from this research have 
the potential to shape future interventions aimed at 
supporting infant sleep regulation and (neuro)develop-
ment through microbiota-targeted strategies.
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