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Abstract

The aimof this reviewwas tomap the literature assessing associations betweenmater-

nal or infant immune or gut microbiome biomarkers and child neurodevelopmental

outcomes within the first 5 years of life. We conducted a PRISMA-ScR compli-

ant review of peer-reviewed, English-language journal articles. Studies reporting gut

microbiome or immune system biomarkers and child neurodevelopmental outcomes

prior to 5 years were eligible. Sixty-nine of 23,495 retrieved studies were included. Of

these, 18 reported on the maternal immune system, 40 on the infant immune system,

and 13 on the infant gut microbiome. No studies examined the maternal microbiome,

and only one study examined biomarkers from both the immune system and the gut

microbiome. Additionally, only one study included both maternal and infant biomark-

ers.Neurodevelopmental outcomeswere assessed from6days to5years. Associations

between biomarkers and neurodevelopmental outcomes were largely nonsignificant

and small in effect size. While the immune system and gut microbiome are thought

to have interactive impacts on the developing brain, there remains a paucity of pub-

lished studies that report biomarkers from both systems and associations with child

development outcomes. Heterogeneity of research designs and methodologies may

also contribute to inconsistent findings. Future studies should integrate data across

biological systems to generate novel insights into the biological underpinnings of early

development.
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1 BACKGROUND

Accumulating evidence spanning the fields of biology, epigenetics,

genetics, and neuroscience has identified the critical role of vari-

ous biological systems in shaping the developing brain (Konkel, 2018,

Inguaggiato et al., 2017, Nazzari & Frigerio, 2020, Sordillo et al.,

2019). The early developmental period (herein defined as concep-

tion through to 5 years following birth) is a critical window where

rapid and significant developments to the brain and other biological

systems (e.g., the immune system and the gut microbiome) coincide

(West, 2002, Borre et al., 2014, Codagnone et al., 2019, Cowan et al.,

2020). Studies have described reciprocal and predictive relationships

between various biological systems and the developing brain, offering

exciting clinical insights into the origins of health and neurodevel-

opment. Such insights provide novel opportunities for early action

that can optimize and protect the developing brain, potentially pre-

venting adverse neurodevelopmental outcomes (Chorna et al., 2020,

Nahmias et al., 2019, Puthussery et al., 2018). The characterization of

these biological systems has been supported by rapid improvements

in the quality and affordability of biological assessments, meaning that

highly detailed data are increasingly accessible. This has resulted in the

recent proliferation of studies that examine the association between a

rangeof different biomarkers andearly neurodevelopmental outcomes

(Barbosa et al., 2020, Carlson et al., 2018, Kitano, 2002, Rudolph et al.,

2018).

Studies examining the biological underpinnings of early neurode-

velopment may use hypothesis-driven (Rudolph et al., 2018) (including

translation of animal models to humans) or exploratory approaches

(Bodnar et al., 2018). Historically, these studies have focused on a sin-

gle biological system—sometimes termed as a single “omics layer” (e.g.,

the gut microbiome) (Yan et al., 2018). Single-omics approaches mean

that complex interactions between biological systems that likely influ-

ence neurodevelopment are rarely examined, though the existence of

these complex, “multiomics” interactions is often acknowledged. This

knowledge forms the foundation of systems biology approaches to

understanding human development (Veenstra, 2021). It is unlikely that

the influence of unique biomarkers on the developing brain can be

understood until multiomics approaches are integrated into research

efforts (Yan et al., 2018). In moving toward a multiomics approach

to early neurodevelopment, a sensible place to begin is to consider

interactionsbetweenbiological systemspreviously identified as impor-

tant for neurodevelopment, namely, the immune system and the gut

microbiome.

Fetal immune programming is initiated in utero, with evidence of

responses to a variety of potentially pathogenic and nonpathogenic

environmental antigens from the second trimester. There is increas-

ing evidence that the developing fetal brain is influenced by metabolic

and immune factors, including maternal immune factors (Estes &

McAllister, 2016, Jones et al., 1996). The risk of ill-health increases

when maternal or fetal immune system functioning is compromised,

including disruptions to typical neurodevelopmental processes and

outcomes (Bilbo & Schwarz, 2009). Maternal, fetal, and infant immune

dysregulation in the pre- and postnatal periods are associated with

pervasive and sustained neurodevelopmental outcomes including neu-

rodevelopmental disorders (e.g., attention deficit hyperactivity disor-

der, autism), although casual pathways are unclear (Meyer et al., 2011,

Instanes et al., 2017, Beversdorf et al., 2018). One proposed mech-

anistic pathway involves cytokine imbalances, which are thought to

disrupt important neurodevelopmental processes (e.g., synaptic prun-

ing and synapse formation) (Nazzari & Frigerio, 2020, Jiang et al., 2018,

Ganguli & Chavali, 2021).

The gut microbiome is a complex ecosystem home to trillions of

microbes characterized by hundreds of unique species (Tognini, 2017).

Connectivity of the brain and the gut microbiome via the microbiota–

gut–brain (MGB) axis is well-established (Borre et al., 2014,

Lima-Ojeda et al., 2017, Warner, 2019, Perez-Muñoz et al., 2017).

This axis provides a channel for the gut microbiome to modulate neu-

rodevelopment via signaling in neuronal, hormonal, and immunological

pathways (Warner, 2019, Foster et al., 2017, Cryan & Dinan, 2012,

Cryan & de Wit, 2019). Both the gut and the brain develop rapidly

in the first years of life, with the gut undergoing swift changes in

microbial composition and diversity, under the influence of nutritional

and other environmental factors (Bäckhed et al., 2015). These changes

play a major role in the postnatal development and maturation of the

immune, endocrine, and neurobiological systems (Borre et al., 2014).

During this critical period, a healthy gut microbiome helps to support

typical neurodevelopment (Foster et al., 2017). Inversely, gut dysbiosis

in early life can directly or indirectly compound neurodevelopmen-

tal risk (Borre et al., 2014, Lima-Ojeda et al., 2017). An emerging

number of studies have identified an overrepresentation of certain

gut microbiota among people with neurodevelopmental and mental

health problems, such as autism, anxiety, and schizophrenia (Ho et al.,

2020, Iglesias-Vázquez et al., 2020, Xu et al., 2019, Wang et al., 2011,

Malan-Muller et al., 2018, Szeligowski et al., 2020, Nguyen et al.,

2019). Among nonclinical populations, gut microbiome composition

is also associated with poorer developmental outcomes in early child-

hood (Loughman et al., 2020, Jurek et al., 2021, Lacorte et al., 2019).

Accumulating evidence suggests that dysbiosis of the gut microbiome

may precede the behavioral manifestations of neurodevelopmental

impairments (Diaz Heijtz, 2016, Aatsinki et al., 2019, Kelsey et al.,

2021, Laue et al., 2020). Although in reverse, neurodevelopmental

difficulties may increase the likelihood of gut dysbiosis due to changes

in diet (Mayer et al., 2014). It remains unclear how reliable the early

microbiome is as an observable indicator for later neurodevelopmen-

tal risk. Accordingly, identifying the extent to which gut microbiome

composition and function shape neurodevelopment during early life

remains a research priority.

Bidirectional relationships between the gut microbiome and

immune system are also well-established in both animal and human

models (Tamburini et al., 2016, Hooper et al., 2012, Cerdó et al., 2019,

Al Nabhani et al., 2019). For example, studies have demonstrated

that immune system dysregulation has consequences for the gut

microbiome (Cerdó et al., 2019), and that dysbiosis of the gut micro-

biome can lead to increased immune system activity (Rothhammer
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et al., 2016). This highlights the potential indirect effects of the

immune system on early neurodevelopment via alterations to the gut

microbiome, and vice versa. However, it is not yet clear how specific

biomarkers contained within either system interact to jointly shape

neurodevelopment. Further, it is also unclear whether the growing

recognition for multivariate or “systems-based” approaches to neu-

rodevelopment has been used to guide empirical examination of the

complex interrelationships between biomarkers, biological systems,

and neurodevelopment—or whether reductionist approaches (i.e.,

evaluating how one specific biomarker is predictive of neurodevel-

opment) continue to represent the rationale for most studies in this

field.

1.1 The present review

While there has been a proliferation of studies on the role of the

maternal and infant immune system and the gut microbiome in neu-

rodevelopment, synthesis of these findings is needed to provide insight

into the stateof theevidence. Theaimof this systematic scoping review

is to map existing literature pertaining to how biomarkers within the

human gut microbiome or immune system are associated with neu-

rodevelopmental and related behavioral outcomes within the first

5 years of life. Considering that functioning of the microbiome is also

influenced by the immune system (and vice versa) (Cryan & Dinan,

2012, Brestoff & Artis, 2013, van den Berg et al., 2016), we aimed

to determine the extent to which these biological systems have been

studied together in the context of early neurodevelopment.

Further, we looked beyond dichotomous clinical outcomes (e.g., the

presence or absence of disease), and instead examine dimensional indi-

cators of neurodevelopment or behavior. This approach is necessary

for the early neurodevelopmental period, as many neurodevelopmen-

tal conditions are not recognized until later childhood (Finlay-Jones

et al., 2019). Furthermore, we aimed to provide insight into how these

biomarkers are associated with behavioral outcomes in the general

population. Providing this comprehensive and up-to-date information

may help to direct research efforts by identifying promising candidate

biomarkers thought to shape the developing brain.

2 MATERIALS AND METHODS

The Joanna Briggs Institute (JBI) framework for conducting scoping

reviews was adopted for this study. The results of this scoping review

were reported in accordance with the Preferred Reporting Items for

Systematic Reviews andMeta-Analyses extension for Scoping Reviews

(PRISMA-ScR).

2.1 Protocol registration

The protocol for this scoping review was first registered on the

Open Science Framework (OSF) (Mancini & Finlay-Jones, 2021) in

September 2020 and last updated April 2021.

2.2 Eligibility criteria

Eligibility for inclusion in this review was based on the population,

concept, context, and type of evidence elements reported below.

2.2.1 Population

We included articles that examined human gut microbiome or immune

system biomarkers during the first 5 years of life. Biomarkers could be

sampled from the child or from their mother during pregnancy. Assess-

ments of neurodevelopment or behavior within the first 5 years of life

were also necessary towarrant inclusion in this review. Studies that did

not include clearly defined neurodevelopmental or related behavioral

assessment within the first 5 years of life were not included.

2.2.2 Concept

We selected articles analyzing each of the following concepts: early

human gut microbiome or immune system biomarkers, and neurode-

velopment or related behavior within the first 5 years of life. Studies

that only examined other biological systems (e.g., the genome or

metabolome) or only described neurodevelopment as case–control

outcomes were excluded. Studies that stratified subjects into differ-

ent categories (e.g., “at-risk” or “not at-risk”) remained eligible for

inclusion provided that dimensional assessments of behavior were

reported. Studies that grouped poor neurodevelopmental outcomes

with other adverse outcomes (e.g., physical outcomes or mortality)

were not eligible for inclusion.

2.2.3 Context

No clinical, cultural, or geographic limits were applied in this review.

We also did not limit eligible studies to a particular health context (e.g.,

preterm birth, or high risk for developmental conditions).

2.2.4 Sources of evidence

Peer-reviewed studies published (or in preprint) in the English lan-

guage between January 2010 to April 2021 were eligible for inclusion.

Only primary research studies were included to ensure relevance

to the research question. Only studies published from 2010 onward

were included as our aim was to provide an up-to-date review of

the extant literature. Meta-analyses and reviews were used to search

for additional studies. Alternative forms of literature (e.g., book chap-

ters, opinion papers, conference proceedings, research protocols, and

editorials) were not included.

2.3 Search strategy

Search terms were developed and refined through an iterative pro-

cess involving experts in human biology, early neurodevelopment, and
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behavior. Preliminary search terms were piloted and refined to ensure

that the final search termswere comprehensive. The final list of search

terms (see File S1 for example) was finalized in April 2021. Search

terms were adjusted to suit the requirements of each database, which

included Embase, Medline, PsycInfo, and Web of Science (see Sup-

porting Information for search syntax). Search results were limited to

journal articles published in the English language.

2.4 Study screening and selection

Results were exported into EndNote X9 and deduplicated. One author

screened each of the titles and abstracts using the Rayyan (Ouzzani

et al., 2016) website interface. A second author screened approxi-

mately 30% of titles and abstracts using a machine learning-enhanced

strategy through ASReview (van de Schoot et al., 2021) software. The

second reviewer used the program to engage in a conventional title

andabstract classificationprocess that is simultaneously used to train a

model that actively sorts each remaining study basedon relevance. The

“next-most-relevant” study title and abstract identified by the model

are then presented to the reviewer for classification. Each study identi-

fied for full-text extraction was obtained and independently reviewed

by two reviewers. This process helps to enhance the accuracy of limited

dual review approaches—whereby at least one reviewer will screen a

subset of studies (Stoll et al., 2019). Any divergence onwhether a study

should be included in the review was resolved via discussion between

the review team.

2.5 Data charting and presentation of results

A data charting form was jointly developed by several of the study

authors to document the relevant details to extract from each

included study. This data charting form was updated where appropri-

ate throughout the review process to ensure that relevant information

was captured.We extracted data on first author, country, study design,

population (including maternal and child characteristics), proportion

of children that were male, biomarker type, source, and assessment

method (including reference database used for taxonomic profiling in

each microbiome study), and neurodevelopmental outcome domain,

measure, and age at assessment. The data from each study that was

full-text screened were independently charted by two authors, and

then compared. Any divergence on the information included on each

study data charting form was resolved through discussion. Due to the

heterogeneity across studies, data were summarized narratively.

3 RESULTS

3.1 Literature search

The flowdiagramof study selection is presented in Figure 1. The search

identified 32,939 articles. Following de-duplication, 23,495 articles

underwent title and abstract screening, which identified 149 articles

that met the inclusion criteria based on title or abstract. These 149

studies were captured within the subset of studies screened by the

second reviewer (30% of studies deemed as “most relevant” by the

software), supporting the efficacy of the machine learning-enhanced

limiteddual reviewapproach toarticle screening (Stoll et al., 2019). The

full texts of these articles were independently reviewed by two study

authors for eligibility. Eighty studies did notmeet inclusion criteria and

were rejected with reasons described in Figure 1. In total, 69 studies

met inclusion criteria andwere retained for this review.

3.2 Population characteristics

Included studies were conducted across 25 countries. Most studies

were conducted in the United States (n = 34), followed by Bangladesh

(n = 4) and Brazil, China, Ireland, and Ukraine (n = 3 each). In addi-

tion to geographical region, study populations differed according to

socioeconomic conditions, health status of the mother, and health sta-

tus of the infant. Most studies recruited community samples, often as

part of larger birth cohort studies, or recruiting typically developing

samples (n = 22). A large portion of studies (n = 20) recruited sam-

ples with infants who were born preterm and/or very low birthweight,

or from mothers at increased risk for preterm birth. Several studies

(n = 12) included samples that were enriched for different health out-

comes, with most of these studies (10 of the 12) comparing these

infants/mothers to a control or risk-free group. Several studies (n = 8)

recruited infants based on exposure to a medical event or condition

(e.g., infant encephalopathy, alcohol exposure in utero), or from impov-

erished or rural areas (n = 7). Sample sizes ranged from 26 to 3038

participants. Study details are summarized in Tables 1–3. We also pro-

vide a visual representation of the most common immune infant gut

microbiome biomarkers examined for each of the included studies in

Tables 4–6. The aggregated results of associations between themater-

nal and infant immune system, and infant gutmicrobiome are reported

in Tables 7–9.

3.3 Biomarkers examined in the included studies

The 69 included studies were organized into groups based on the

source (mother, infant, or both) and typeof biomarker (immune system,

gut microbiome, or both). Only one study examined biomarkers from

both maternal and child samples (Sevenoaks et al., 2021), and only one

study examined biomarkers pertaining to both the immune system and

the gut microbiome (Tamburini et al., 2016). Sixty-eight of the 69 eligi-

ble studies measured immune system and/or gut microbiome markers

fromeither themother or infant.No studies examined thematernal gut

microbiome. There were 81 unique immune biomarkers investigated

across the included studies. Themaximumnumberof immunebiomark-

ers assayed in one study was 40, while the most frequently assayed

immune biomarkers across all studies was IL-6, then TNF-α. It should
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F IGURE 1 PRISMA flow diagram outlining study selection process
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TABLE 9 Summary of infant gut microbiome biomarkers outcomes across neurodevelopmental domains (N= 13)

Infant gut

microbiome

biomarker genus

Alpha

diversity

Beta

diversity Aquificae Firmicutes Bacteroidetes Actinobacteria Proteobacteria Verrucomicrobia Coriobacteriaceae

# Studies 42 5 1 51 11 14 13 1 2

C 5↓, 10– 1– 21– 5– 1↑, 3– 3–

L 1↓ 1↓, 3– 1– 1– 2–

M 1↓, 6– 1– 19– 4– 4– 3–

E 2↑, 11↓ 1↑, 2↓ 12↓, 4– 1↓, 1– 1↕, 1↑, 3↓, 1– 1↓, 2–

S 2– 1↓, 3– 1↑, 4– 1– 1–

T 5↑, 2↓, 7– 1↑ 1– 3↑, 9– 2↑, 1↓, 2– 1↑, 3– 1↑, 1↓, 1– 1↓

Note: C, cognitive domain; L, language domain;M, motor domain; A, adaptive behavior domain; E, emotional domain; S, social domain; T, temperament.

be noted that while studies can assay for specific immune biomarkers,

microbiome studies rarely studied a select number of species.

Of these 69 included studies, 18 studies provided their first (or only)

measure of biomarkers during pregnancy, 25 studies provided their

first (or only) measure of biomarkers within the first month of life, 14

studies provided their first (or only) measure of biomarkers between

the first and sixth month of life, seven studies provided their first (or

only) measure of biomarkers between 6 and 12 months, and five stud-

ies provided their first (or only) measure of biomarkers between 12

and 60 months. Most (n = 56) of the included studies featured only

one period of biomarker assessment; 13 studies assessed biomarkers

at two ormore timepoints (see Tables 1–3).

3.3.1 Maternal immune system

Eighteen studies examined maternal immune system biomarkers (see

Table 1). There were 44 unique biomarkers examined across these 18

studies. Each study measured between one and 35 unique maternal

immune system biomarkers. The most frequently examined mater-

nal immune system biomarkers were cytokines IL-6 (n = 15 studies),

TNF-α (n = 9 studies), and CRP (n = 8 studies). These biomarkers for

each study are presented as part of Tables 1 and 4. Maternal immune

functioning was most frequently assessed through blood samples (i.e.,

plasma, serum, orwhole blood samples; n= 17 studies). Across studies,

samples were most frequently analyzed using a form of immunoassay

or gas chromatography.

3.3.2 Infant immune system

There were 40 studies that examined infant immune biomarkers (see

Table 2). Each study measured between one and 38 unique immune

system biomarkers. The most frequently examined immune system

biomarkers were cytokines IL-6 (n = 28 studies), IL-8 (n = 26 stud-

ies), TNF-α (n = 25 studies), and IL-1β (n = 21 studies). Biomarkers

examined in each study are presented as part of Tables 2 and 5. Infant

immune functioning was most frequently assessed through infant

blood samples (plasma, serum, or whole blood samples; n = 27 stud-

ies), or cerebrospinal fluid and saliva samples (n=4 studies). Six studies

included multiple biological sources to observe immune system func-

tioning. These samples were most frequently analyzed using a form of

immunoassay or gas chromatography.

3.3.3 Infant gut microbiome

Thirteen studies examined the link between the gut microbiome and

neurodevelopmental outcomes in the first 5 years of life (see Tables 3

and 6). These studies identified differences in gut microbial composi-

tion (n = 1) and alpha diversity (n = 10) and in subsequent analysis

identified 96 genera/species-specific group differences. These changes

were found in the phyla of Firmicutes (n= 49), Proteobacteria (n= 12),

Bacteroidetes (n = 9), Actinobacteria (n = 8), Verrucomicrobia (n = 1),

and Aquificae (n= 1).

3.4 Neurodevelopmental and behavioral
outcomes

Children’s neurodevelopment was most frequently assessed via

behavior-rating scales used tomeasure a range of functional outcomes,

including cognition, fine and gross motor skills, communication and

language skills, social skills, memory, intelligence, adaptive function-

ing, and temperament. The most frequently used neurodevelopmental

assessment was the Bayley Scales of Infant Development (BSID)

(n = 32), followed by the Infant Behavior Questionnaire (n = 8),

Mullen Scales of Early Learning (n = 7), Ages and Stages Question-

naire (n= 5), andWeschler Preschool and Primary Scale of Intelligence

(n = 3). The remaining methods of neurodevelopmental assessment

include other forms of behavioral rating scales, or lab-based observa-

tional assessments. In addition, a small number of studies also included

additional physiological measures (e.g., fMRI). Most studies used only

one measure of neurodevelopment. The measures used to assess

neurodevelopmental outcomes are presented as part of Tables 1–3.
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The age of neurodevelopmental assessment ranged from 3 to

60 months, with approximately 72% of studies having one assessment

between 12 and 36 months. Neurodevelopmental outcomes were

assessed at a single timepoint in 61 studies, four studies included two

timepoints, two studies included three timepoints, and two studies

performed neurodevelopmental assessments at four timepoints.

3.5 Associations between biomarkers with
neurodevelopmental and/or behavioral outcomes

Few studies integrated biological information across mothers and

their infants or measured both the immune system and gut micro-

biome. Therefore, for greater interpretability, the included studies

were grouped and described according to the source (i.e., mother

and/or infant) and system (i.e., immune system and/or microbiome).

Across each of the 69 included studies, we observed substantial het-

erogeneity across most study components. Specifically, studies were

highly varied with respect to the research design enlisted, sample

population recruited, the timing and analytic procedures used to quan-

tify biomarkers, and the timing and methods of neurodevelopmental

assessment. A key implication of this variability across the included

studies was the identification of mixed results and subsequent con-

clusions derived about how the immune system and gut microbiome

were associatedwith early dimensions of neurodevelopment.No single

biomarker(s) were robustly and consistently associated with neurode-

velopmental outcomes (e.g., cognition, language, motor development,

social–emotional development, or adaptive behavior).

3.5.1 Maternal immune biomarkers and
associations with neurodevelopment

Of the 18 studies that quantified associations between the maternal

immune system and infant neurodevelopment, four studies mea-

sured maternal immune activity in trimester two, and 10 studies

in trimester three. Only four studies included assessment across

trimesters (Rudolph et al., 2018, Bodnar et al., 2018, Graham et al.,

2018, Rasmussen et al., 2019). These studies enlisted a methodology

whereby IL-6 concentrations obtained over trimesters were averaged

to yield an approximate average of infant exposure to IL-6 over preg-

nancy. While multiple assessments are more resource intensive, they

offer critical insights regarding infant’s exposure to inflammation—

particularly because IL-6 concentrationsmay have natural variation on

any given day, or as a response to an atypical event during pregnancy

(e.g., a recent period of increased stress, or recovering from a brief

illness). However, it does appear that IL-6 concentrations over preg-

nancy (in studies that included assessment over multiple trimesters)

are relatively consistent, which is exemplified in one study that demon-

strated strong correlations (r= .55–.68; or 30%–46% shared variance)

between IL-6 levels at the first, second, and third trimesters (Rudolph

et al., 2018). Although strong by conventional standards, it does remain

important to acknowledge that somewhere between 54% and 70% of

the variability in IL-6 concentrations over time is not explained by ear-

lier levels, thus underscoring the need for multiple assessments during

pregnancy, where possible. Importantly, while demonstrated for IL-6,

less is known about the stability of different immune system biomark-

ers over these trimesters in the context of the current review (i.e.,

associations with neurodevelopment).

Themost frequently examined immunebiomarkerswere thosemost

typically defined as pro-inflammatory (i.e., IL-6, TNF-α, and CRP). IL-6

was measured in 15 of the 18 studies; TNF-α and CRP were measured

in 10 and eight of the included studies, respectively. While the hetero-

geneity across these studies limits our ability to make clear inferences

about the significance of any specific biomarkers or co-expression pro-

files in shaping specific neurodevelopmental outcomes during early

life, some preliminary trends were identified. These are displayed in

Table 7. For example, maternal IL-6 was inversely associated with

offspring cognitive outcomes in six out of eight studies, language

(three out of four studies), and emotional development (seven out of

nine studies). Maternal TNF-α was inversely associated with offspring
cognition and language (three out of four studies, each), motor devel-

opment (three out of five studies), and emotional development (five

out of six studies). Most of the studies to identify inverse associations

betweenmaternal inflammatory biomarkers and infant neurodevelop-

mental outcomes involved healthy mothers, although studies that also

enlisted clinical maternal samples (e.g., maternal HIV, alcohol exposure

in utero, or at risk for a psychiatric condition) also yielded similar direc-

tional findings. These findings are broadly suggestive of the adverse

neurodevelopmental consequences associated with increased levels

of maternal inflammation. Interestingly, the only study to find a posi-

tive association between maternal IL-6 and CRP with infant cognitive

development was unable to fully account for these findings, though

the authors speculated that two possible causes may be that IL-6 is a

part of bothpro-inflammatory andanti-inflammatorypathways, or that

infants may mobilize adaptive neurodevelopmental responses when

exposed to maternal immune activation (e.g., exposure to elevated but

not clinical or sustained inflammation may induce resilience responses

in later life) (Spann et al., 2018). However, most studies focused on a

smaller number of inflammatory biomarkers, meaning less is known

about other inflammatory biomarkers, anti-inflammatory biomarkers,

and their co-expression.

With many of the included studies statistically underpowered to

detect statistically significant effects that are small-to-medium in size,

it was perhaps unsurprising to note that most included studies—while

providing an indication of directional associations—did not reach sta-

tistical significance.Among thesematernal immune studies, three stud-

ies did include large sample sizes (>1000), which may provide insights

not attenuated by sample size (Irwin et al., 2019, Monthe-Dreze et al.,

2019, Yan et al., 2020). Even among these large-scale studies, many of

theobservedeffectswere small and/or nonsignificant. For example, the

largest study (N=1453) found some inverse associations between spe-

cific biomarkers (i.e., IL-1β, IL-10) with neurodevelopmental outcomes,

while others were positively associated (i.e., TARC, sFlt-1, VEGF-D),

though the most frequently examined biomarkers (e.g., IL-6, TNF-α,
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and CRP) were not significantly associated with neurodevelopmental

outcomes (Irwin et al., 2019).

3.5.2 Infant immune biomarkers and associations
with neurodevelopment

Among the 40 studies examining associations between infant immune

biomarkers and neurodevelopmental outcomes, pro-inflammatory

biomarkers were the most extensively evaluated across studies. Mea-

sures of IL-6, IL-8, TNF-α, and IL-1β were each assessed in over half

of the 40 included studies, while CRP and IL-10 were each assessed

in 14 studies. Cognitive and motor domains, followed by language

domains,were themost frequently assessedoutcomes in studies exam-

ining infant immune biomarkers. Associations between infant immune

biomarkers and adaptive, emotional, or social domains were assessed

with less frequency. One of the broad findings was that biomarkers

generally recognized as pro-inflammatory (i.e., IL-6, IL-8, TNF-α, CRP,
and IL-1β) were more frequently found to be inversely associated with

cognitive development. For example, Table 5 demonstrates that IL-6

was inversely associated with better cognitive outcomes in 13 of the

24 studies where it was assessed.

TNF-α was inversely associated with cognitive development in 11

of the 21 studies (two studies showing a positive association, eight

nonsignificant associations), while IL-8 was inversely associated with

cognitive outcomes in 12 of the 21 studies where it was measured

(four studies showing a positive association, four nonsignificant, and

onemixed result). For the neurodevelopmental domain ofmotor devel-

opment, inverse associations were most observed for IL-8 (seven of

15 studies), TNF-α and IL-1β (eight of 14 studies, each), and CRP

(six of eight studies). For language, five of the 10 studies measuring

associations between IL-6 and language found evidence for inverse

associations, while the remaining five found no significant linear asso-

ciation; however, most studies that included measures of IL-8, TNF-α,
IL-1β, CRP, and IL-10 more frequently reported inverse associations

with language. The variability in strength and direction of associa-

tions between biomarkers and neurodevelopmental outcomes was

present across the sample source (cord blood, serum, plasma, etc.) and

method of quantifying the biomarkers containedwithin these samples.

Based on the reviewed studies, no specific sampling or analytic strat-

egy resulted in consistent or more pronounced associations between

specific biomarkers and neurodevelopmental outcomes in children.

Inferences about the role of less-frequently examined biomarkers

aremore challenging to extrapolate, yetmaywarrant further investiga-

tion. For example, each studymeasuring SAAandMMP-9 (four studies,

each) reported inverse associations with children’s cognitive develop-

ment. Similarly, four of the five studies assessingVEGFandMIP-1β also
reported inverse associations with cognitive outcomes.

Consistent with the other included studies, most studies measuring

infant immune biomarkers and neurodevelopment enlisted single-

timepoint assessments of the immune system, constraining the ability

to make inferences on periods of heightened sensitivity (or resilience)

to inflammation. Among the included studies, immune biomarkers

were measured in some studies as early as birth (e.g., from cord blood)

and as late as 4 years of age in others—a period spanning significant

developmental changes for children. Multiple assessments of immune

biomarkers over time were achieved in a smaller number of these

included studies, though variation across these studies with respect to

the context, timing,method, biomarkers, andoutcomesexamined limits

our ability to draw comparisons across studies. Taken broadly, the cur-

rent results suggest that certain immune biomarkers measured during

early life are often found to be inversely associated with develop-

ment in the cognitive,motor, and languagedomains, though the current

heterogeneity of available studies constrains our ability to synthesize

these findings beyond observing trends.

3.5.3 Infant gut microbiome and associations with
neurodevelopment

Table6provides a summaryof gutmicrobiomestudies. Therewerehigh

levels of variability among the13 studies that examined the association

between the infant gut microbiome and neurodevelopment. Table 6

provides the information regarding the specific composition (i.e., alpha

and/or beta diversity) or phylum of the gut microbiome investigated

within each study, and the reported strength and direction of asso-

ciation with neurodevelopmental domains. Regarding compositional

measures, alpha diversity described the amount of microbiome diver-

sity within a single subject, while beta diversity described the amount

of microbiome diversity between multiple subjects. All 13 studies

provided at least one measure of alpha diversity and five of these

studies provided a measure of beta diversity. Several of the included

studies were able to report on associations at the phylum level (e.g.,

Aquificae, Firmicutes, Bacteroidetes, Actinobacteria, Proteobacteria,

Verrucomicrobia, Coriobacteriaceae) and at the genera level (Table 9).

The strengths of the reported associations between specific genera

and neurodevelopmental outcomes were largely comparable with the

strength of the associations between the broader measures of overall

gut microbiome diversity (i.e., alpha and beta diversity indices).

The descriptions of studies reported in Table 3 provide key informa-

tion for each study, including the age at which the gut microbiome was

assessed. Changes to the composition of the gutmicrobiomeover early

life are expected as infants transition out of a mostly milk-based diet

and are introduced tonew foods. For example, one studydemonstrated

nonsignificant associations between 1- and 6-month gut microbiome

composition with behavioral outcomes at 24 months, though the com-

position of infant gut microbiomes at 12 months was associated with

behavioral outcomes at 24 months (Loughman et al., 2020). Although

the variability in gut microbiome composition across these two time-

points was not compared statistically, these findings suggest that the

early infant gut microbiomemay be more weakly associated with later

neurodevelopment, potentially attributable to the greater homogene-

ity of gut microbiomes across infants (e.g., as most infants will be

breastfed). However, as these infants are acclimated to different foods

and other sources over time, important variability in the gut micro-

biome may then contribute to neurodevelopmental differences. For
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example, oneof the included studies established relationships between

gut microbiome at 12 months and later neurodevelopment—though

earlier assessments were not obtained (Laue et al., 2020).

All but two studies accounted for mode of delivery, either adjust-

ing for this variable as a covariate in their models or comparing

associations between the gut microbiome with neurodevelopmental

outcomes between different delivery methods (i.e., natural birth or

caesarean birth). One study obtained very early assessment of the

infant microbiome (i.e., within the first 4 weeks of life), two studies

assessed the microbiome of infants at 4 weeks, four studies per-

formed assessments between 8 and 12 weeks, one longitudinal study

assessed the gut microbiome at two periods (3–6 months, and again

at 36 months), three studies at 12 months, and two studies assessed

the gut microbiome between 18 and 36 months. Most of these studies

assessed the infant microbiome at a single timepoint. Neurodevel-

opmental outcomes were assessed as early as 25 days of age, and

as late as 36 months of age, which also has similar implications for

interpretation.

Taking study variability into account, some very broad results can

be extrapolated. First, like the immune biomarkers, no measure of the

gutmicrobiomewas consistently associated with neurodevelopmental

outcomes among the included studies. Weak or nonsignificant asso-

ciations were observed with greater frequency compared to those

studies demonstrating large or significant associations. Two studies

reported inverse associations between alpha diversity and children’s

cognitive development, though the overall pattern of findings yielded

inconclusive results. A similar pattern of findingswas also observed for

children’s language and motor development. Where significant asso-

ciations with neurodevelopmental outcomes were identified, these

were most frequently observed with the domain of social–emotional

development (present in four of the 13 studies). However, it remains

important to examine the specific details of each study given the

variability in which they were conducted.

4 DISCUSSION

The aimof this reviewwas to summarize existing studies that examined

associations between gut microbiome or immune system biomark-

ers and neurodevelopmental outcomes spanning the first 5 years

of life. The 69 included studies enlisted a diverse range of popula-

tions and methodologies to evaluate 81 unique biomarkers that had

substantial variability in their association with neurodevelopmental

outcomes. Our results broadly support the presence of associations

between certain biomarkers and later neurodevelopmental outcomes,

yet the strength and direction of these associations are heteroge-

neous. The presence of these associations highlights the potential to

generate insights into early biological processes associated with later

neurodevelopmental risk. However, the ability to synthesize evidence

to identify consistent findings is diminished by the substantial vari-

ability in study populations and methodologies, and a tendency to

provide a “snapshot” of biomarkers from either maternal or infant

sources. Specifically, the method and timing in which biomarkers were

measured, the type and age in which neurodevelopmental outcomes

were assessed, and the statistical procedures used to test hypotheses

differed greatly between studies, making findings difficult to compare.

One important observation of the current literature is that it is

dominated by studies that measured biomarkers at a single timepoint.

This represents a major limitation as the ability to distinguish changes

to the gut or immune function over time is missed, which likely have

different implications for subsequent associations with later neurode-

velopmental outcome. Longitudinal studies with repeated biomarker

assessments are required to establish baseline immune activation and

identify the impacts of chronic and acute inflammation. Such studies

would also allow us to determine whether there are developmental

windows of greater vulnerability when such perturbations may have

differential effects. For example, in utero events may be expected to

be different frompostnatal events, though thesewere seldom included

within the available studies. Longitudinal studieswith repeated assess-

ments are critical to understanding the potential sequential or cumu-

lative impacts of disruptions to immune or gut microbiome function at

different timepoints.

4.1 Immune system and gut microbiome
biomarkers remain poorly integrated in
understanding early neurodevelopment

Interactions between the immune system and gut microbiome are

often described in the broader human biology literature (Pronovost &

Hsiao, 2019). However, studies that have tested the potential modu-

lating associations between these systems are not well-represented,

especially in humans. In the current review, only one study was iden-

tified that examined both immune and gut microbiome biomarkers;

in this study, only independent associations between immune and gut

microbiome biomarkers with later neurodevelopment were reported,

meaning that potential interactions between biomarkers across these

systems were not investigated (van den Berg et al., 2016). This is

a critical gap in the research given the implications of gut–immune

interactions for neurodevelopment. For example, the neurodevelop-

mental implications of gut microbiome dysbiosis may vary according

to how an individual’s immune system responds to this challenge. A

healthy immune system may respond to these challenges adaptively

and therefore reduce the likelihood of significant neurodevelopmen-

tal detriment. Inversely, a dysregulated immune systemmay compound

the impact of gut microbiome dysbiosis, as well as induce further neu-

rodevelopmental risk via the production of harmful pro-inflammatory

response. Further research in this area may help to generate novel

insights and further opportunities for intervention, such as new meth-

odsof promotinghealthy immune functioning viamicrobiome-oriented

interventions that can deliver downstream benefits to neurodevelop-

mental functioning. However, we acknowledge that the development

of methods to meaningfully integrate information from both the

immune systemandmicrobiomeembodies themuchbroader challenge

in adopting multiomics approaches to understanding the development

of health and disease (Pinu et al., 2019).
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4.2 Interactions between biomarkers may offer
further insight into early neurodevelopmental
processes

While none of the included studies examined interactions between

biomarkers between the immune system and gut microbiome, there

were a small number of studies that did examine interactions between

biomarkers within either system. These methods are particularly valu-

able, as many of the methods used to quantify specific biomarkers

can assess multiple markers at the same time. However, many of

these studies were based on “snapshots” (i.e., assessments at a single

timepoint), which have noted limitations given the variable nature of

immune and gut microbiome activity. Nevertheless, these exploratory

studies offer potentially novel insights into how the interactions

betweenbiomarkersmaybe a superior predictor of neurodevelopmen-

tal outcome compared to biomarkers in isolation.

For example, one large scale (n = 634) cross-sectional study exam-

ined the individual associations between seven pro-inflammatory

biomarkers (e.g., IL-6, TNF-α, IL-1β) and one anti-inflammatory

biomarker (IL-10)with several cognitive andmotor outcomes in infants

at 4 years of age (Kyriklaki et al., 2019). Consistent with findings from

other studies included in this review, the associations between individ-

ual biomarkers and cognitive outcomes were weak and nonsignificant.

However, a higher ratio of TNF-α to IL-10 was a strong and signif-

icant predictor of poorer motor development and several domains

of cognitive development, including memory, executive function, and

overall cognitive ability (Kyriklaki et al., 2019). Additional support for

the interaction between maternal immune biomarkers was provided

by another study (Sowell et al., 2018), where elevated ratios of TNF-α
to IL-10, and IL-6 to IL-10, in late pregnancy predicted poorer neu-

rodevelopment (cognitive and motor development) at 12 months of

age, though individual levels of TNF-α, IL-10, and IL-6 were not asso-

ciated with neurodevelopment (Sowell et al., 2018). One explanation

for why the ratio of pro-inflammatory to anti-inflammatory markers

may be a better predictor of neurodevelopmental outcomes is that

the effects of inflammation may be greater if there is a diminished

counterregulatory anti-inflammatory response. While crude, previous

research has described how this “imbalance” may give rise to poor

neurodevelopment, including the onset of neurodevelopmental disor-

ders (Jiang et al., 2018). Consequently, direct associations between

specific inflammatory biomarkers (e.g., IL-6 or TNF-α) may be mod-

erated by levels of anti-inflammatory biomarkers (e.g., IL-10). This

notion may also help to partially explain the somewhat inconsistent

pattern of associations between specific biomarkers and early neu-

rodevelopmental outcomes, and why many of the direct associations

between specific biomarkers and neurodevelopmental outcomes are

often small. Therefore, further examination of the interaction between

immune system biomarkers may represent an important next step

in this field of research. Our review identified only two studies that

included ratios of inflammatory to anti-inflammatory markers. How-

ever, 18 other studies included in this review measured IL-10, IL-6,

and/or TNF-α. The existing availability of these data creates opportu-

nities for the exploration of interactions between inflammatory and

anti-inflammatory biomarkers on early neurodevelopment.

While measures of microbial diversity were common, comparisons

between studies, or even within the same study, can prove challeng-

ing. Data-driven approaches to identify variousmicrobial “clusters” can

help to classify subjects within a study; however, the replicability of

these clusters is generally limited due to well-established variations

in infant microbiota attributed to genetic, environmental, and geo-

graphic reasons. Further, while the prospective association between

early microbiome and later neurodevelopment was a focus of this

review, the potential for reverse (i.e., neurodevelopment impacting the

microbiome) or bidirectional relationships should not be dismissed.

However, none of the studies identified in the current review tested

bidirectional associations.

4.3 Direct associations between biomarkers and
neurodevelopment were usually small

Broadly, the results of the69 studies included in this reviewhighlighted

that direct associations between specific biomarkers and early neu-

rodevelopmental outcomes were often small, or small-to-moderate in

size. Many of these associations failed to reach statistical significance,

withmost studies enlisting traditional null hypothesis significance test-

ing approaches that use the conventional p < .05 level to determine

significance. Furthermore, while there was a trend toward increased

inflammatory activity being associatedwith poorer neurodevelopmen-

tal outcomes, the reverse relationship was reported in some studies.

These findingsmay reflect the lack ofmeaningful associations between

immune and gut microbiome development and neurodevelopmental

outcomes, in addition to more traditional methodological reasons (e.g.,

measurement error). They may also be explained by several other

factors. For example, Spann et al. (2018) proposed that the positive

association between inflammatory markers and better cognitive out-

comes observed in their study may represent an adaptive “resilience”

response that makes the brain less vulnerable to future challenges.

It is also important to consider that the longitudinal nature of

most of the included studies provided an assessment of early immune

and/or gut microbiome functioning and an assessment of neurode-

velopment in later life. These assessment periods could be years

apart, allowing greater opportunities for the effects of extraneous

factors (biological, environmental, or genetic) to additionally influ-

ence neurodevelopment. Therefore, it is not surprising to see stronger

correlations observed in cross-sectional studies when compared to

longitudinal studies of increasing duration between assessment peri-

ods. Additionally, as noted in a previous review of studies examining

associations between biomarkers and neurodevelopment (Nazzari &

Frigerio, 2020), the use of inadequate statistical analyses pervades

this area of research. Many studies included in this review likely

lacked the statistical power necessary to detect statistically significant

effects, meaning that potentially important associations are missed.

This may be further problematic in studies where interpretations and

 10982302, 2023, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/dev.22360 by E

dith C
ow

an U
niversity, W

iley O
nline L

ibrary on [26/03/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



MANCINI ET AL. 35 of 43

directions for future research focus on those biomarkers with statisti-

cally significant associations with neurodevelopment.

Ageneric recommendation that researchers ensure sample sizes are

sufficiently sized is only partially useful given the often-nuanced sam-

ples of interest and resources needed to collect both biological and

neurodevelopmental information. Consequently, an additional recom-

mendation is for researchers to consider complementary approaches

to perform and interpret research using smaller sample sizes. One

method may be to place greater emphasis on the strength of an

observed effect, as traditional approaches to statistical significance

(i.e., null hypothesis significance testing) are highly influenced by sam-

ple size. The strength of nonsignificant associations between biomark-

ers and neurodevelopmental outcomes is not always reported, and

subsequently represents a limitation among existing studies. Among

our included studies, it was unsurprising to see many of the included

studies failing to reach statistical significance. Similarly, many of the

included studies with large sample sizes (e.g., 500+ participants) often

reported significant associations with neurodevelopmental outcomes,

irrespective of the size of the observed effect (Leviton et al., 2016,

Leviton et al., 2013, Leviton et al., 2019, O’Shea et al., 2012, O’Shea

et al., 2014). Awareness of the influence of sample size on statistical

significance is critical in ensuring that the developments in the field

are not solely guided by the results of large studies where even trivial

associations may be of statistical significance.

4.4 Associations may be indirect

The present review constrained the definition of neurodevelopment

to assessments that rely on observable behaviors. While a strength

of many of the included studies was the use of gold standard,

clinician-administeredassessmentsof neurodevelopment (i.e., theBay-

ley Scales), it is important to acknowledge that these assessments

represent the behavioral manifestation that is driven in part by the

function of the infant brain. The sequence in which changes to the

immune system or gut microbiome trigger structural or functional

changes to brain activity that then manifest in behavioral atypical-

ity remains comparatively underexamined. For example, one of the

included studies provided evidence of an indirect effect of maternal

IL-6 in pregnancy on infant cognition at 12 months of age via alter-

ations to frontolimbic white matter (Rasmussen et al., 2019), while

another studydemonstratedhowalphadiversity in the gutmicrobiome

could predict changes to the amygdala that then manifest in observ-

able behavioral changes (Gao et al., 2019). Although there were few

studies that included objectivemeasures of the immune system and/or

gut microbiome, objective indicators of brain functioning (e.g., fMRI),

and a neurodevelopmental assessment, the available evidence is con-

sistent with the well-established notion that behavioral assessments

of neurodevelopment are driven by—but not a perfect representation

of—the structure and function of the brain (Rasmussen et al., 2019,

Gao et al., 2019, Spann et al., 2018). Future research that further

explores relationships between these biomarkers and both structural

and behavioral indicators of neurodevelopment will help to better

explain how biological systems are linked.

4.5 Associations between biomarkers and
neurodevelopmental outcomes are varied

Perhaps unsurprisingly, the heterogeneity of included studies was

matched with mixed findings regarding the strength and direction of

associations between observed biomarkers and neurodevelopmental

outcomes. Toprovide an illustrative example, one study reported a pos-

itive association between levels of maternal CRP in the third trimester

and cognitive development assessed by the BSID-III at 12 weeks

postbirth (Nazzari et al., 2020),while another reported anegative asso-

ciation between third-trimester CRP and cognition assessed by the

BSID at 14months postbirth (Gao et al., 2019). Amultitude of plausible

(and not mutually exclusive) reasons may explain such discrepancies,

including but not limited to the analytic method used to quantify

CRP, the timingof theneurodevelopmental assessment, individual vari-

ation, geographic context, clinical characteristics of the sample, or

differences in thequantitativemethodsemployed. This example is sym-

bolic of the broader findings described in the narrative and tabular

summaries of the included findings, where the strength and direc-

tion of associations between biomarkers and neurodevelopment were

varied—even among themost frequently examinedbiomarkers (e.g., IL-

6, CRP, alphadiversity).While the size and scopeof the studies retained

for this scoping review do not enable explanations for these variations

to be clearly identified, the current findings underscore the need for

future work to focus on capturing and interrogating genetic, environ-

mental, and temporal influences on the associations between specific

biomarkers and later developmental outcomes, as well as on captur-

ing interactions between biomarkers. Such lines of enquiry are perhaps

best supported by large-scale, collaborative studies with standardized

protocols for data capture, analysis, and reporting.

4.6 Neurodevelopmental outcomes are diverse

Our scoping review characterized the existing literature as one of

significant heterogeneity. However, a high degree of consistency in

the operationalization of neurodevelopmental outcome in the first

5 years of life was examined. Specifically, most of the included stud-

ies enlisted the BSID. This clinician-administered instrument provides

an indication of a child’s development in the domains of motor skills,

cognition, and language. The measure is widely used, is available in

multiple languages, and typically demonstrates favorable psychometric

properties and is the “gold standard” measure of children’s neurode-

velopment during this developmental period. However, it is important

to consider that neurodevelopment continues to be variable into later

development, meaning that BSID scores in early life are not determin-

istic of neurodevelopment in later childhood (Luttikhuizen dos Santos

et al., 2013). Moreover, other potentially important dimensions of
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neurodevelopment (e.g., regulation or negative emotionality) may be

underrepresented. Consequently, previous evidence suggesting that

the immune system and gut microbiome may shape other dimensions

related to neurodevelopment, such as temperament, emotionality,

attachment, and social responsiveness,will also require further investi-

gation. These outcomesmay be particularly relevant when considering

the role of systems biology in providing insight into risk and resilience

for childhoodmental illness.

4.7 Strengths and limitations of the current
review

Preregistration of the scoping review protocol and adherence to best-

practice scoping methodology helped to increase rigor of the current

review. A further strength of this review was the comprehensiveness

of the literature search, with 23,495 individual titles and abstracts

screened for eligibility. Understandably, an inevitability of this thor-

ough search is that the time-intensivenatureof this processmeans that

a smaller number of additional studies may be published between the

date of the search and the publication of this manuscript. A limitation

of this reviewwas the exclusion of unpublished literature and studies in

the non-English language.While the studieswe identified in this review

included a mix of statistically significant and nonsignificant associa-

tions between specific biomarkers and early neurodevelopment, the

potential for publication bias may still impact the broadband associ-

ations that these studies point toward. Assessments of study quality

and publication bias are seldom included as part of the scoping review

process but may serve to complement future evidence synthesis stud-

ies in future studies that may enlist a narrower scope that permits a

meta-analysis of findings; systematic review and meta-analysis of the

included studies were not appropriate due to the heterogeneity of

included studies and purpose of this scoping review.

4.8 Future recommendations

Well-established associations between the human immune system

and gut microbiome have not yet been comprehensively investigated

in the context of early neurodevelopment. It currently remains unclear

how the interactions between these two systems may modulate brain

development during this particularly sensitive neurodevelopmental

window. Studies including measures of immune and gut microbiome

biomarkers will enable the identification of critical interactions

between these systems and subsequent impact on neurodevelopmen-

tal outcomes. This also represents an important step toward adopting

a “systems” approach to neurodevelopment, whereby the combined

role of biological systems (and their interactions) is already widely

described, but seldom quantified in the context of early, transdiag-

nostic indicators of neurodevelopment (e.g., cognition, language, and

motor development). Multiple observations spanning the perinatal

period will help researchers overcome potential error and limitations

associated with using a single observation of biological functioning—a

common approach identified in many of the studies included in this

review. Important and individualized biological changes during preg-

nancy and the early developmental periods are not captured by studies

that provide only a “snapshot” of biological functioning at a single point

in time but are critical in guiding effective intervention strategies.

5 CONCLUSION

The early neurodevelopmental implications of interactions between

the immune system and gut microbiome are not yet well-understood.

The dynamic nature of the maternal and infant immune system and

microbiome is also underrepresented due to a few large-scale, longitu-

dinal studies that integrate biological systemsand sources. Studies that

begin to evaluate the interaction between biological systems over the

early developmental period are necessary to advance our understand-

ing of the developing brain, and to ultimately develop interventions

that provide a novel pathway for promoting developmental resilience

(Tillisch et al., 2013, Steenbergen et al., 2015, Singh et al., 2014, Kang

et al., 2017). Findingswithin this emerging field have already started to

identify candidate biomarkers that are relevant to overall brain devel-

opment, and in the onset of specific neurodevelopmental conditions

(Nazzari & Frigerio, 2020, Parsons et al., 2020, Lima-Ojeda et al., 2017).

Much of this direction has been guided by the results of animal stud-

ies. However, the benefits of harnessing these biomarkers to aid in

the very early identification of neurodevelopmental risk in humans has

not yet been fully actualized (Nahmias et al., 2019, Puthussery et al.,

2018). As the human body is populated by a vast number of unique

biomarkers that share complex interactions with other biomarkers

within—and between—biological systems, the identification of specific

biomarkers that are robustly and meaningfully associated with early

neurodevelopment represents an important, but challenging, scientific

undertaking.
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Index

Immune biomarkers Inflammatory

CD64 Cluster of Differentiation 64

CRP C-reactive protein pro

E-SEL E-selectin

GCSF Granulocyte colony-stimulating factor

GDNF Glial cell line-derived neurotrophic factor

GM-CSF Granulocyte-macrophage colony-stimulating factor

ICAM-1 Intercellular adhesionmolecule 1

ICAM-3 Intercellular adhesionmolecule 3

IFN-γ Interferon gamma anti

IGFBP-1 Insulin-like growth factor-binding protein 1

IL-1 Interleukin-1

IL-10 Interleukin-10 anti

IL-12 Interleukin-12

IL-12p70 Interleukin-12p70

IL-13 Interleukin-13

IL-16 Interleukin-16

IL-17 / IL-17A Interleukin-17

IL-17α Interleukin-17α

IL-18 Interleukin-18

IL-1RA Interleukin-1 receptor antagonist

IL-1β Interleukin-1β pro

IL-2 Interleukin-2 anti

IL-4 Interleukin-4 anti

IL-5 Interleukin-5 anti

IL-6 Interleukin-6 pro

IL-6R Interleukin-6 receptor

IL-7 Interleukin-7

IL-8 Interleukin-8

IL-9 Interleukin-9

IL12p40 Interleukin-12p40

IP-10 Interferon gamma-induced protein 10

M-CSF Macrophage colony-stimulating factor

MCP-1 Monocyte chemoattractant protein-1 pro

MCP-4 Monocyte chemoattractant protein-4

MIG Monokine induced by IFN-γ

MIP-1α Macrophage inflammatory protein-1α

MIP-1β Macrophage inflammatory protein-1β

MMP-9 Matrix metallopeptidase 9

MPO Myeloperoxidase

NGAL neutrophil gelatinase-associated lipocalin

PAI-1 Plasminogen activator inhibitor-1

PDGF-AA Platelet-derived growth factor-AA

PGF2α Prostaglandin F2α
(Continues)
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Immune biomarkers Inflammatory

RANTES Regulated upon Activation, Normal T Cell Expressed and Presumably Secreted

s-IgA Salivary Immunoglobulin A

SAA/sAA Serum amyloid A

SDF-1 Stromal cell-derived factor 1

sFLT-1 Soluble fms-like tyrosine kinase-1 pro

sICAM-1 Soluble intercellular adhesionmolecule-1

sTNFR1 Soluble tumor necrosis factor receptor-1

sTNFR2 Soluble tumor necrosis factor receptor-2

sVCAM-1 Soluble vascular cell adhesionmolecule-1

TARC Thymus and activation-regulated chemokine

TNF-R1 Tumor necrosis factor receptor 1

TNF-R2 Tumor necrosis factor receptor 2

TNF-α Tumor necrosis factor α

TNF-β Tumor necrosis factor β

TPO Thyroid peroxidase

VEGF Vascular endothelial growth factor

VEGF-D Vascular endothelial growth factor-D

VEGF-R1 Vascular endothelial growth factor receptor 1

VEGF-R2 Vascular endothelial growth factor receptor 2

Neurodevelopmentmeasures

ABC Aberrant Behavior Checklist

ADHD Attention Deficit Hyperactivity Disorder

ASD Autism SpectrumDisorder

ASQ Ages and Stages Questionnaire (several editions)

BASC Behavior Assessment System for Children (several editions)

BMI BodyMass Index

BSID Bayley Scales of Infant Development (II and III Editions)

CBCL Child Behavior Checklist

CDI Communicative Development Inventory

CDSC Child Developmental Scale of China

CI Confidence Interval

CP cerebral palsy

CRYPTO Burden of Cryptosporidiosis

DDST Denver Developmental Screening Test

ECBQ Early Childhood Behavior Questionnaire

ELBW extremely low birth weight

ELGAN Extremely LowGestational Age Newborn cohort study

FNIRS Functional Near Infrared Spectroscopy

GMDS GriffithsMental Developmental Scales

HIE hypoxic-ischemic encephalopathy

HIV Human immunodeficiency Virus

IBQ / IBQ-R Infant Behavior Questionnaire (-Revised)

IQ IntelligenceQuotient

KSPD Kyoto Scale of Psychological Development

MDD Major Depressive Disorder

MDI Mental Development Index of the BSID

(Continues)
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Immune biomarkers Inflammatory

(f)MRI (functional)Magnetic Resonance Imaging

MSCA McCarthy Scales of Children’s Abilities

MSEL Mullen Scales of Early Learning

NAPI Neurobehavioral Assessment of the Preterm Infant, Revised Second Edition

NBAS Neonatal Behavioral Assessment Scale

NDD neurodevelopmental disability

NE neonatal encephalopathy (?)

NEC necrotizing enterocolitis

NHST null hypothesis significance testing

PDI Psychomotor Development Index of the BSID

PRAM-D Psychiatry Research andMotherhood - Depression study

PROVIDE Performance of Rotavirus andOral Polio Vaccines in Developing Countries

cohort study

SDI ShannonDiversity Index

SRS Social Responsiveness Scale (several editions)

TD Typically Developing

TIMP Test of InfantMotor Performance

VABS Vineland Adaptive Behavior Scale

VLBW very low birth weight

WPPSI /WPPSI-R Weschler Preschool and Primary Scale of Intelligence (-Revised)

WRAVMA Wide Range Assessment of VisualMotor Abilities
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