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Evidence from animal models or children with neurodevelopmental disorders has implicated the gut microbiome (GM) in neurocognitive development. However, even subclinical impairement of cognition can have negative consequences, as cognition serves as the foundation for skills necessary to succeed in school, vocation and socially. The present study aims to identify gut microbiome characteristics or changes in gut microbiome characteristics that consistently associate with cognitive outcomes in healthy, neurotypical infants and children. Of the 1,520 articles identified in the search, 23 were included in qualitative synthesis after applying exclusion criteria. Most studies were cross-sectional and focused on behavior or motor and language skills. Bifidobacterium, Bacteroides, Clostridia, Prevotella, and Roseburia were related to these aspects of cognition across several studies. While these results support the role of GM in cognitive development, higher quality studies focused on more complex cognition are needed to understand the extent to which the GM contributes to cognitive development.

KEYWORDS
gut microbiome, infancy, childhood, behavior, cognition


1. Introduction

Studies exploring the contribution of the gut microbiome, a complex ecosystem of microbes and their corresponding genomes residing in the gastrointestinal tract (Turnbaugh et al., 2007), to human cognitive development have emerged in recent years. These studies were initially driven by observations of altered microbial colonization in psychological disorders (Valles-Colomer et al., 2019), altered brain structure (Erny et al., 2015) and behavior (Clarke et al., 2013) in germ-free mice models, as well as the parallel developmental trajectories of the intestinal microbiota and nervous system (Borre et al., 2014). Longitudinal magnetic resonance imaging (MRI) studies suggest that brain regions responsible for development of cognitive functions, such as the prefrontal cortex, undergo dynamic changes from birth up through adolescence (Casey et al., 2005). The intestinal microbiome appears to be integral to these processes directly, through production of metabolites that cross the blood-brain barrier (Blaak et al., 2020) and indirectly, through regulation of the immune system or maintenance of gut barrier function (Peng et al., 2009; Tommaso et al., 2021).

To date, systematic reviews have focused on gut microbiome comparisons between children with and without neurodevelopmental disabilities [i.e., attention-deficit/hyperactivity disorder (ADHD), autism spectrum disorder (ASD), learning disabilities] (Bundgaard-Nielsen et al., 2020; Iglesias-Vázquez et al., 2020). Poor cognition is a hallmark of these disabilities, and cognition can be defined as “the processes an organism uses to organize information. This includes acquiring information (sensation and perception), selecting (attention), communicating (language, numbers), representing (understanding), and retaining (memory) information, and using it to guide behavior (reasoning and coordination of motor outputs)”(Sela and Lavidor, 2014). While reviews focused on children with neurodevelopmental disabilities report differences in gut microbiome composition (Bundgaard-Nielsen et al., 2020; Iglesias-Vázquez et al., 2020), many studies included are cross-sectional or observational, making it difficult to determine whether other symptomology (i.e., picky eating, commonly observed in ASD) impact the gut microbiome, rather than the reverse. By studying the gut microbiome and cognition in children defined as neurotypical, it is possible to develop a more comprehensive understanding of the directionality as well as moderating factors involved in the interactions between the gut microbiome and cognition throughout childhood. Additionally, even in sub-clinical impairment, cognition in childhood is relevant to various aspects of life, including academic achievement (Blair and Razza, 2007) and later physical (Moffitt et al., 2011) and mental health (Tangney et al., 2004).

The gastrointestinal microbiota is a promising avenue for interventions aimed at optimizing cognitive development, given the robust variations observed in microbial composition and function by diet, even in children (Dinsmoor et al., 2021). Indeed, work has already begun in this area; in a recent review of the effects of pre and probiotic supplementation and fecal microbiota transplantation in adults, five studies out of eight observed improvements in cognitive function (Baldi et al., 2021). In children, much of the human research on gut-microbiome-brain interactions are cross-sectional in nature and focused on infant temperament (Aatsinki et al., 2019) and early childhood behavior (Flannery et al., 2020), both outcomes of cognition (Sela and Lavidor, 2014). Few studies investigate the development of complex cognition directly during childhood (Sordillo et al., 2019; Streit et al., 2021).

Therefore, this systematic review aims to identify gut microbiome characteristics or changes in gut microbiome characteristics (through intervention) that consistently associate with cognitive outcomes (cross-sectionally or longitudinally) in healthy, neurotypical infants and children. Given the scope of the term “cognition,” a wide variety of cognitive outcomes were included (see Table 1 for definitions of cognitive outcomes included in the present review). Understanding gut microbiome relationships with cognitive abilities in neurotypically developing children will allow us to better understand how we might promote optimal cognitive development and lessen the burden of neurodevelopmental disorders.


TABLE 1    Definitions of cognition, temperament, and subscales of related cognitive outcomes commonly observed in studies included in the present review.
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2. Methods

The present review was registered in the PROSPERO database (CRD42021268887) and performed according to the guidelines for the Preferred Reporting Items for Systematic Reviews and Meta-analysis Protocols (PRISMA) (Moher et al., 2016).


2.1. Data sources and search strategy

PubMed, Scopus, Web of Science and Cochrane Library were searched for studies related to the impact of gut microbiome composition and function on cognition in infants, children and adolescents in August of 2021. Studies were restricted to English language only. Search terms included: “infant,” “child,” “children,” “childhood,” “toddler,” “early life,” “gastrointestinal microbiome,” “intestinal microbiome,” “gastrointestinal microbiota,” “intestinal microbiota,” “gastrointestinal microbes,” “intestinal microbes,” “gut microbiome,” “gut microbiota,” “gut microbes,” “fecal microbiome,” “fecal microbiota,” “fecal microbes,” “metagenome,” “metabolome,” “metabolite,” “short-chain-fatty acid,” “volatile fatty acid,” “cognitive function,” “cognitive control,” “cognition,” “self-regulation,” “self-control,” “executive function,” “inhibition,” “inhibitory control,” “attention,” “fMRI,” “interference control,” “working memory,” “short-term memory,” “long-term memory,” “episodic memory,” “spatial memory,” “cognitive flexibility,” “task switching,” “emotion,” “temperament,” “negative affect,” “positive affect,” “mood,” “neural development,” “neural growth,” “neurogenesis,” “prefrontal cortex,” “dorsolateral prefrontal cortex,” “anterior cingulate cortex,” “cerebral cortex,” “hippocampus,” “amygdala,” “basal ganglia,” “striatum,” “brain.”

Studies with the following terms in the title were excluded: “mice,” “mouse,” “murine,” “rat,” “rodent,” “piglet,” “pig,” “swine,” “monkey,” “rhesus macaque,” “hamsters,” “chicken,” “quail,” “animal,” “preterm,” “IBS,” “IBD,” “ulcerative colitis,” “ADHD,” “autism,” “autistic,” “colic,” “diarrhea,” “deficiency,” “disorder,” “disease,” “disability,” “asthma,” “syndrome,” “epilepsy,” “gabapentin,” “allergy,” “cancer,” “leukeaemia,” “leukemia,” “oncology,” “tumor,” “diabetes,” “hyperglycemia,” “insulin resistance,” “undernutrition,” “malnutrition,” “arthritis,” “schizophrenia,” “drug abuse,” “drug misuse,” “alcohol abuse,” “alcohol misuse,” “substance abuse,” “defect,” “acidemia,” “infection,” “necrotizing enterocolitis,” “necrotising enterocolitis,” “injury,” “illness,” “anorexic,” “bulimic,” “eating disorder,” “review,” “protocol,” “letter,” “commentary,” and “editorial.” Studies with the following terms in the title or abstract were excluded: “surgery,” “migraine,” “seizure,” “anti-convulsant,” “anticonvulsant,” “antiepileptic,” “meta-analysis,” “systematic review,” and “review of the literature.” Studies with the following index terms were excluded: “rodentia,” “swine,” “tarsii,” “platyrrhini,” “hylobatidae,” and “cercopithecidae.”



2.2. Study selection

Eligible studies included those related to the effect or association of the gastrointestinal microbiota on cognition and its related constructs or measures in healthy human infants (birth to <2 years old) and children (2–12 years old). Randomized controlled trials, cross-sectional, longitudinal, or case-control studies were included. Narrative reviews, systematic reviews, meta-analyses, animal and in vitro studies were excluded. Inclusion of only healthy and neurotypically-developing humans was observed by excluding studies focused on individuals with diagnosed neurodevelopmental disorders (e.g., ASD, ADHD), acute or chronic diseases or born preterm. Two authors (ALM and MAL) separately searched the predetermined databases using the search strategy designed a priori for this review. These articles were retained or discarded according the inclusion and exclusion criteria. Any disagreements between initial reviewers were resolved by a third party (SMD).



2.3. Data collection process

Per the guidance of an adapted data collection form from the Cochrane Handbook for Systematic Reviews, (“The Cochrane Collaboration’s Tool for Assessing Risk of Bias in Randomized Trials,”) the following data was extracted from each of the studies included in the review: author, year of publication, journal, geographic location of the study, study design, method of participant recruitment, exclusion criteria, sample size, duration of follow-up or intervention, study aims and hypotheses, baseline imbalances, withdrawals and exclusions, age at each visit, sex and race/ethnicity distribution, study funding sources, and possible conflicts of interest. Additionally, due to the relevance for quality of the included studies, method of gut microbiota assessment, microbial DNA extraction method, 16S rRNA variable region, sequencing platform, alpha diversity, beta diversity, taxonomy, other microbiota related outcomes, and neurocognitive outcome measures and methods were extracted from each study included in the review.



2.4. Quality of evidence and risk of bias assessment

Assessment of study quality was conducted using the National Institute for Health (NIH) Quality Assessment Tool for observational, cross-sectional studies and controlled intervention studies (Higgins et al., 2011). Briefly, quality assessment using the NIH Quality Assessment Tool for cross-sectional and observational studies involves 14 criteria, which are assigned yes, no, not specified, or not applicable. Quality of studies are denoted by allocation poor (0–4 yes out of 14 questions), fair (5–10 yes out of 14 questions) or good (11–14 yes out of 14 questions). Note, for the criteria “were key potential confounding variables measured and adjusted statistically for their impact on the relationship?”, it was necessary to predefine confounding variables; thus, studies controlling for antibiotic usage and any aspect of child diet (e.g., breastfeeding, timing of introduction to solids, fruit and vegetable intake) via exclusion from the study or statistical adjustment were allocated a “yes.” Studies not controlling for antibiotic exposure or any aspect of diet received a “no.” The NIH Quality Assessment tool for controlled intervention studies also includes 14 criteria that are assigned a yes, no, not specified or not applicable. Studies were assigned an over allocation of poor, fair or good, based on perception of potential for significant risk of bias. For example, a study demonstrating high risk of bias (i.e., employed a per-protocol analysis or lacked blinding of treatment to participants or researchers) would be allocated a poor overall quality rating.




3. Results


3.1. Study selection

A total of 1,520 articles were identified. After removal of duplicates and after screen by title and abstract for inclusion/exclusion criteria, 1,044 studies remained. Two studies were identified through alternative sources. 1,006 articles were excluded based on it not being a primary research article (n = 282), not including a healthy population (n = 279), outside the age range (n = 32), in vitro (n = 38) or animal (n = 71) study, or out of scope (n = 304). Full text of 38 articles were screened, upon which 15 articles were excluded, based on inclusion of adults (and no separated analysis for adults and children) (n = 5), no full-text available (n = 2), or out of scope for aims of the present review (n = 8). A total of 23 studies were included in the present review (Figure 1).
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FIGURE 1
Preferred Reporting Items for Systematic Reviews and Meta-analysis Protocol (PRISMA) flow diagram of search strategy.




3.2. Study characteristics

Characteristics of the included studies are shown in Supplementary Table 1. The majority of studies (20/22) were observational. Roughly half of these were cross-sectional (9/20), while the rest were longitudinal studies exploring associations between microbiota earlier in life (first pass meconium samples to 12 months) with later neurocognitive outcomes (6 months to 5 years). Two studies were randomized-controlled trials (RCT); interventions included feeding an sn-2 palmitate-rich infant formula for the first 16 weeks of life (Wu et al., 2021) and a 12 weeks outdoor play program in preschoolers (Sobko et al., 2020). Several studies used the same cognitive assessment tools, including the Ages and Stages Questionnaire (Squires et al., 2009) (n = 2), Bayley Scale of Infant Development (2nd and 3rd editions) (Bayley, 1993, 2006) (n = 3), Infant Behavior Questionnaire (Putnam et al., 2014) (n = 5), Mullen scales of early learning (Mullen, 1995) (n = 2), and the Child Behavior Checklist (Achenbach, 1999) (n = 3). Results pertaining to child temperament and behavior are found in Supplementary Table 2, whereas results pertaining to basic and higher order cognitive functions are in Supplementary Table 3.

Several groups of studies included data from the same longitudinal cohorts followed in the US (Carlson et al., 2018, 2021; Gao et al., 2018) and Finland (Aatsinki et al., 2019, 2020), and therefore had overlapping participants. Studies including older children were with age ranges of 5–7 years old (Flannery et al., 2020), 5–11 years old (Callaghan et al., 2019), and 8–11 years old (Michels et al., 2019). The remaining studies (n = 19) included ages 5 years old and below, with the majority being <2 years old. As a result, study results were reported and discussed by infants (cognitive assessments conducted at 1 year old and younger), pre-school children (>1 to <5 years old) and school-aged children (5 to <12 years old). Three studies explored associations between gut metagenomes and cognitive outcomes (Sobko et al., 2016; Flannery et al., 2020; Kelsey et al., 2021). One study explored relationships of cognitive outcomes with the microbiome metabolites, volatile fatty acids (VFAs) (Loughman et al., 2020). Two studies measured functional connectivity of the amygdala (Gao et al., 2019), prefrontal cortex, and parietal cortex (Kelsey et al., 2021), and two studies measured volumetric differences of the prefrontal cortex, amygdala, hippocampus, total gray and white matter, cerebrospinal fluid, intracranium and lateral ventricle utilizing structural MRI (Carlson et al., 2018, 2021; Supplementary Table 1).

All studies measured gut microbiota using next-generation sequencing technologies, mostly targeting the V1-V2 (n = 5) (Carlson et al., 2018, 2021; Callaghan et al., 2019; Gao et al., 2019; Acuna et al., 2021), V3-V4 (n = 7) (Michels et al., 2019; Sobko et al., 2020; Wang et al., 2020; Fox et al., 2021; Rothenberg et al., 2021; Streit et al., 2021; Guzzardi et al., 2022), or V4 (n = 5) (Aatsinki et al., 2019, 2020; Loughman et al., 2020; Tamana et al., 2021; Wu et al., 2021) regions of the 16S rRNA bacterial gene. Several studies also used Bifidobacterium qPCR primers with next-generation sequencing (Carlson et al., 2018, 2021; Gao et al., 2018). Two studies used whole genome shotgun sequencing (Flannery et al., 2020; Kelsey et al., 2021). All studies used Illumina technology sequencing platforms, except for two that used Roche 454 GC FLX Titanium (Christian et al., 2015; Sordillo et al., 2019).



3.3. Quality of the evidence

Only one study received a “poor” summary of quality rating, while most studies received a “fair” (14/20) or “good” (5/20) rating using the NIH Quality Assessment tool for observational and cross-sectional studies. The primary sources of bias included lack of sample size justification or power description, and the inability to confer directionality or relationships between gut microbiome and cognition over time (due to cross-sectional study designs). Most observational studies conducted in children 7 years old and below explored sex, socioeconomic variables, breastfeeding status or duration and mode of delivery posteriori for inclusion as covariates, except for two studies which did not consider all of them (Zhang et al., 2021; Guzzardi et al., 2022). However, several studies did not adjust for key covariates, such as antibiotic usage (Supplementary Table 4; Christian et al., 2015; Callaghan et al., 2019; Wang et al., 2020; Acuna et al., 2021; Rothenberg et al., 2021; Guzzardi et al., 2022). For the two studies assessed via the NIH Quality Assessment Tool for controlled intervention studies, one was rated good (Sobko et al., 2020) and the other of poor (Wu et al., 2021) summary quality (Supplementary Table 5). Wu et al. (2021) did not specify whether participants and researchers were blind to their infant formula treatment versus control. Further, this study was unable to fully randomize their study participants between the three groups (control infant formula vs. sn-2 palmitate-rich infant formula vs. exclusively breastfed) for ethical reasons (Wu et al., 2021). Potentially due to inability for appropriate randomization, the formula-fed groups had significantly lower maternal education status and vaginal deliveries compared to each other and to the breastfed group. Of note, these characteristics have been previously associated with gut microbiome characteristics (Borre et al., 2014) and neurodevelopmental outcomes (Casey et al., 2005).



3.4. Infants (cognitive assessment at 1 year old and younger)


3.4.1. Alpha diversity

Studies exploring cognition in infants was largely focused on infant temperament and was not associated with alpha diversity, with the exception of some for measures of alpha diversity that include evenness of microbial species. Orienting/regulation was measured in four studies in infants; of these, three assessed relationships with alpha diversity and found no associations between Chao1 (a measure of species richness) or Shannon Diversity (a measure of richness and evenness) (Aatsinki et al., 2019; Fox et al., 2021; Kelsey et al., 2021). Negative affectivity was measured in four studies of infants, while two found no associations between parent-reported negative affectivity and Shannon Diversity or Chao1 (Wang et al., 2020; Kelsey et al., 2021). The other two studies found negative associations between alpha diversity and negative affect. Specifically, principle component-derived clusters of microbial alpha diversity (with the cluster mostly describing taxonomic evenness) at 1 month old was negatively associated with laboratory-assessed non-social fear behavior at 1 year. This study also found 1 month old and 1 year old alpha diversity were not associated with 1 year parent-reported fear (Carlson et al., 2021). Microbial Shannon Diversity at 2.5 months old, but not Chao1 index, was also negatively associated with negative affect and fear reactivity at 6 months old (Aatsinki et al., 2019). Lastly, five studies conducted in infants measured surgency, of which four assessed relationships with Shannon Diversity and Chao1 and found no relationships (Aatsinki et al., 2019; Wang et al., 2020; Fox et al., 2021; Kelsey et al., 2021).



3.4.2. Beta diversity

Most studies conducted in infants utilized non-phylogenetic distance metrics to measure beta diversity, with the exception of one (Carlson et al., 2021). Results for relationships between beta diversity and temperament was mixed. One study found no longitudinal (1–3 weeks, 2, 6 months old) or cross-sectional (12 months old) relationships with 12 month old regulation or negative affect, except for an association between beta diversity and the sadness subscale of negative affect (Fox et al., 2021). This study was also one of two to assess relationships between surgency/positive emotions and beta diversity in infants; they found significant associations between 1 and 3 weeks beta diversity and 12 month old surgency and its subscales, approach, high-intensity pleasure and smiling/laughter, even after adjustment for breastfeeding duration and child sex. However, 2-, 6-, and 12 month old beta diversity was not associated with 12 month old surgency or its subscales (Fox et al., 2021).

Another study in infants demonstrated that, upon comparison to a Bifidobacterium/Enterobacteriaeae-dominant cluster at 2.5 months old, those with a Bacteroides- or Veillonella dispar-dominant community structure had poorer regulation and lower surgency at 6 months old (Aatsinki et al., 2019). The latter association with surgency failed to remain significant after adjusting for sex and mode of delivery, however. Lastly, this study found 2.5 months old beta diversity was not associated with 6 months old negative affect (Aatsinki et al., 2019).

Weighted UniFrac (but not Unweighted) was associated with non-social fear behavior at 1 year old-of-age, measured via a laboratory-based assessment that involved recording of child fear response to a research assistant wearing four different masks (horse, apple, monkey, alien). Researchers coded the task fear response by observing facial, vocal and bodily fear reactions. Specifically, those with a community structure characterized by higher abundances of Veillonella, Dialister, unnamed genus of Clostridiales, Bifidobacterium, and Lactobacillus, and by lower abundance of Bacteroides had higher non-social fear behavior. Of note, in this study there was no association between beta diversity at 1 month old with any measure of negative affect, nor was there an association between 1 year old beta diversity, laboratory-assessed social fear behavior or parent-reported negative affectivity (Carlson et al., 2021).



3.4.3. Taxonomy

Uncharacterized Bifidobacterium OTUs (Aatsinki et al., 2019; Wang et al., 2020) and other species of Bifidobacterium, such as B. pseudocatenulatum and B. catenulatum (using WGS) (Kelsey et al., 2021) were positively associated with regulation/orienting aspect of infant temperament, which is also related to effortful control (Rothbart et al., 2004). Other studies showed Bifidobacterium was positively associated with extraverted infant temperament (Fox et al., 2021), although one study found this relationship was specific to males only (Aatsinki et al., 2019). One study evaluated associations of Bifidobacteria abundances with motor, problem-solving, comunication, personal and social skills, finding no relationships at 16 weeks-of-age. However, the study did find that higher fecal Bifidobacteria abundance was associated with lower odds of at least one of the aforementioned domains scoring close to the typical development threshold (Wu et al., 2021).

Aatsinki et al. (2019) demonstrated that female infants with higher Veillonella parvula and Veillonella dispar had lower fear reactivity at 6 months old (subscale of negative affect). This study also found that, in male infants, these same Veillonella spp. were negatively associated with regulation/orienting and, among the total sample, Veillonella dispar was related to lower surgency (Aatsinki et al., 2019). Lactobacillus was also relevant for this age-group, as it was associated with lower behavioral problems at age 3 years old (Zhang et al., 2021), negative affect at age 1 year old (Fox et al., 2021), and higher surgency at 6 months old (Aatsinki et al., 2019).



3.4.4. Metabolomics and metabolites

One study evaluated relationships of infant temperament with virulence factors, resistance genes or genes contributing to biology of an organism at molecular, cellular or organism levels, and found no significant associations (Kelsey et al., 2021).




3.5. Preschool-ages (cognitive assessments at ≥1 to 4 years old)


3.5.1. Alpha diversity

Several aspects of temperament had sex-dependent relationships with alpha diversity in 24 months old children; Shannon Diversity was negatively associated with effortful control in females, but not males. Additionally, surgency and its subscale, high-intensity pleasure, were associated with phylogenetic diversity in females only. However, negative affect aspect of temperament was not associated with Shannon Diversity or Chao1 in this study for either sex (Christian et al., 2015).

Conversely, other aspects of cognition that overlap with negative affect, behavioral problems and perceived stress, were related to microbial alpha diversity. Although gut microbiome measured at younger timepoints (2 and 6 months old) was not related, a trending (p = 0.087) association between higher 12 months old Shannon Diversity and elevated behavioral problems at 2 years old was observed in one study (Loughman et al., 2020). An RCT employing a 12 weeks outdoor play intervention found that, while alpha diversity did not change throughout the intervention, lower perceived stress was associated with higher Chao1, Shannon Diversity, Simpson Diversity and diversity of Bacteroidetes (Sobko et al., 2020). Additionally, preschool-aged children in the outdoor play intervention group who experienced significant decreases in their perceived stress post-intervention had significantly higher Chao1 compared to non-responders of the intervention group (Sobko et al., 2020).

Primary functions measured most often throughout these studies included language and motor skills. Of the nine studies measuring these basic skills, four explored relationships with alpha diversity. Faith’s Phylogenetic Diversity was negatively associated with 4 year old (Streit et al., 2021) and 2 year old (Carlson et al., 2018) language skills. At 1 year, Chao1 and Observed Species measures were also negatively associated with 2 year old language skills. Carlson et al. (2018) also demonstrated that lower Chao1, Observed Species and Phylogenetic Diversity at 1 year old were related to greater change scores for expressive and receptive language skills between 1- and 2 years old, even after adjustment for beta diversity clusters as a covariate. Three studies found no relationship between Shannon Diversity and language/communication skills (Sordillo et al., 2019; Acuna et al., 2021; Streit et al., 2021).

Four of these studies assessed relationships between motor skills and alpha diversity measures, finding that Shannon Diversity (Carlson et al., 2018; Sordillo et al., 2019; Acuna et al., 2021; Rothenberg et al., 2021) and Faith’s Phylogenetic Diversity (Carlson et al., 2018; Acuna et al., 2021; Rothenberg et al., 2021) were not associated with motor skills. Other measures of alpha diversity, such as Pielou’s measure of evenness (Rothenberg et al., 2021) and Observed Species (Carlson et al., 2018), were also not related to motor skills. One study found that higher Chao1, Observed Species and Shannon Index, but not Phylogenetic Diversity, were associated with lower visual reception (Carlson et al., 2018). No other studies measured visual abilities directly.

Higher order functions were highly heterogenous, including adaptive behavior, personal and social skills, practical reasoning skills, problem-solving abilities and general cognitive skills. Additionally, five studies explored relationships with gut microbiome and a cognitive skills composite, compromising of language, motor and other cognitive abilities (Carlson et al., 2018; Acuna et al., 2021; Rothenberg et al., 2021; Streit et al., 2021; Guzzardi et al., 2022). Four studies with a cognitive composite assessed relationships with alpha diversity, with two finding no associations with Shannon Diversity or Faith’s Phylogenetic Diversity (Acuna et al., 2021; Rothenberg et al., 2021). At 2 years old, early learning composite was negatively associated with multiple measures of 1 year old alpha diversity. However, this was abrogated upon inclusion of beta diversity as a covariate in the model. Streit et al. (2021) found a negative association before, but not after adjustment for multiple comparisons, between Faith’s Phylogenetic Diversity and 4 year full-scale intelligence quotient (IQ) (Streit et al., 2021). Other higher order functions, problem-solving, personal, social, and performance skills, were not associated with multiple measures of alpha diversity (Sordillo et al., 2019; Streit et al., 2021).



3.5.2. Beta diversity

Beta diversity assessed via PCoA of Bray Curtis distances or Weighted and Unweighted UniFrac distances were not related to parent-reported effortful control in 2- or ∼6 year olds, respectively (Christian et al., 2015; Flannery et al., 2020).

As was the case with alpha diversity relationships to cognition, Christian et al. (2015) found several aspects of temperament had sex-dependent relationships with beta diversity at 24 months old; the fear subscale of negative affectivity in females only, while surgency in males only were associated with Unweighted, but not Weighted, UniFrac distances at 24 months old. Related to negative affect, anger frequency was also associated with beta diversity in preschool-aged children (Sobko et al., 2020).

Five studies assessed relationships between beta diversity and language skills, and three demonstrated a significant relationship. Receptive and expressive language at age two and change in scores from 1 to 2 years old were highest in those with a community structure characterized by high abundance of Bacteroides at 1 year old, whereas those with a Ruminococcaceae-dominant, followed by Faecalibacterium (of the Clostridia class)-dominant microbiome had the lowest scores (Carlson et al., 2018). Similarly, those with 12 months old Bacteroidetes-dominant community structure had the highest 2 year old language scores and change scores from 1 to 2 years old, followed by Firmicutes-dominant and then Proteobacteria-dominant clusters (Tamana et al., 2021). Neither of these studies found a relationship between beta diversity and language skills at 12 months old (Carlson et al., 2018; Tamana et al., 2021). Sordillo et al. (2019) also showed that community structure defined by higher abundance of Lachnospiraceae and unclassified Clostridiales (both of the Clostridia class), and low abundances of Bacteroides, was associated with lower communication skills (Sordillo et al., 2019).

Seven studies explored relationships between beta diversity and motor skills. Two studies found relationships with fine, rather than gross, motor skills. Another study in 18 months old children demonstrated an association between both PCA clustering (weighted UniFrac) and genus-level enterotypes with fine motor skills. Specifically, those with a community structure characterized by higher abundances of Firmicutes such as Lachnospiracea_incertae_sedis, unclass_Lachnospiraceae, Streptococcus, and Blautia, as well as Fusicatenibacter and Anaerostipes, had higher fine motor skills compared to those with an enterotype characterized by high abundances of Bacteroides such as Clostridium XIVa and Parabacteroides (Acuna et al., 2021). In a longitudinal study, Sordillo et al. (2019) also demonstrated a specific relationship with fine, but not gross, motor skills and the gut microbiota, observing that a community structure characterized by higher abundance of Bacteroides and lower abundances of Escherichia/Shigella and Bifidobacterium at 3–6 months old was associated with lower fine motor skills at 3 years old (Sordillo et al., 2019). Other studies employing a longitudinal approach, comparing early gut microbiota to both present and later motor skills, found no relationships throughout early childhood (Carlson et al., 2018; Guzzardi et al., 2022). Similarly, Tamana and collaborators found no relationship between 4 months old beta diversity and 1 or 2 year old motor skills, nor was 1 year old beta diversity associated with 1 year old motor skills. However, this study demonstrated a longitudinal relationship between 1 year old Bacteroidetes-dominant community structure and better motor skills at age two, in comparison to a Firmicutes or Proteobacteria-dominant (lowest scoring for motor skills) community structure (Tamana et al., 2021). Lastly, at 3 years old, motor skills were better in those with a community structure characterized by high abundances of Faecalibacterium, Clostridium cluster XIVa, Gemmiger, Phasolarctobacterium, Alstipes, Oscillibacter, and Sutterella, and lower abundances of Blautia, Anaerostipes, Clostridium cluster XVIII, and Streptococcus (Rothenberg et al., 2021).

Of the studies exploring relationships between beta diversity and a composite cognitive score (consisting of motor, language and other cognitive skills), all three found significant relationships in preschoolers. One study in 3 year olds found that community structure characterized by higher abundances of Faecalibacterium, Clostridium cluster XIVa, Gemmiger, Phasolarctobacterium, Alstipes, Oscillibacter, and Sutterella, and lower abundances of Blautia, Anaerostipes, Clostridium cluster XVIII, and Streptococcus was associated with higher composite cognition (Rothenberg et al., 2021). Conversely, an early learning composite score (comparable to IQ) measured at age 2 years old was lowest in those with a Faecalibacterium-dominant community structure at 1 year old, whereas those with a Bacteroides-dominant community structure had the highest scores (Carlson et al., 2018). Additionally, 2 year old cognitive skills (including visual preference, attention, exploration, manipulation, concept formation) were highest in those with community structure characterized by high 1 year old abundances of Firmicutes, followed by Bacteroidetes, and lowest in those with higher Proteobacteria abundance. Community structure was also associated with change scores in cognitive skills from 1 to 2 years old, such that Firmicutes-dominant structure had the greatest improvement and Proteobacteria the lowest (Tamana et al., 2021).

Of two studies exploring relationships with personal and social skills with beta diversity, one found poorer personal and social skills at 3 years old to be associated with 3–6 months old community structure characterized by higher abundances of Lachnospiraceae and unclassified Clostridiales and negative loadings for Bacteroides (Sordillo et al., 2019). However, the other investigation found no associations for beta diversity and personal/social skills throughout preschool ages (Guzzardi et al., 2022).



3.5.3. Taxonomy

The positive relationship of Bifidobacterium with cognition appears to extend to preschool ages. Indeed, Bifidobacterium and Bifidobacterium longum were positively associated with language skills at 3 years old (Zhang et al., 2021), Bifidobacterium (100% similarity with B. bifidum ATCC 29521) with fine motor skills at 18 months old (Acuna et al., 2021), and Bifidobacteriaeceae with fine motor skills at 3 years old (Zhang et al., 2021). Although mixed relationships with cognition were observed in infancy, Veillonella emerged as being primarily related to positive cognitive outcomes in older children; Veillonella was related to less aggressive, anxious-depressed, emotionally reactive and externalizing behaviors (Flannery et al., 2020), while Veillonellaceae was related to higher motor skills (Acuna et al., 2021; Zhang et al., 2021).

Other taxa emerged throughout preschool ages as having mostly positive relationships with cognition (associated with more positive and fewer negative emotions and behaviors), including Prevotella, Sutterella and Akkermansia. Specifically, two studies found Sutterella and Prevotella (of the Bacteroidales order) to be negatively related to total behavioral problems at 2 years old (6 months old gut microbiome measurement) (Loughman et al., 2020) and 3 years old (cross-sectionally) (Zhang et al., 2021). Akkermansia was also related to lower total behavior problems in preschool-aged children (Zhang et al., 2021).

Clostridia, especially Lachnospiraceae, were negatively related to cognition in many cases (associated with less positive and more negative emotions and behaviors). Lachnospiraceae was related to poorer language skills in two studies: the genus Tyzzerella and Lactobacillus delbrueckii spp. were related to poorer language skills in 3 year olds (Zhang et al., 2021). Additionally, 3–6 months old Lachnospiraceae was related to poorer communication skills at 3 years (Sordillo et al., 2019). Lachnospiraceae was also related to negative behaviors and emotions: higher Lachnospiraceae at 12 months old was related to greater behavioral problems at age 2 years, although, this was no longer significant upon adjustment for confounding variables (Loughman et al., 2020). Also a Lachnospiraceae, Roseburia was positively related to anger in another study (Sobko et al., 2020). Personal and social skills were assessed in three studies, two of which found associations between Clostridia and poor personal and social skills: Clostridiales order (Sordillo et al., 2019), as well as Paraclostrium and Paraclostridium bifermentans (Zhang et al., 2021).

Despite numerous other negative relationships of Lachnospiraceae with cognition, two studies found positive relationships for Coprococcus (also a Lachnospiraceae) with motor skills (Acuna et al., 2021; Zhang et al., 2021). Other positive relationships with cognition existed for Clostridia, such as Eubacteriales, including Anaerotruncus and Ruminococcus at the genus level and Clostridium lavalense and Ruminococcus_spp_N15MGS57 at the species level being positively associated with adaptive behavior (Zhang et al., 2021). Another Eubacteriales, Faecalibacterium was positively associated with motor development in one study (Rothenberg et al., 2021; Zhang et al., 2021), but negatively in another (Zhang et al., 2021).

Just as with school-aged children, Bacteroides demonstrated numerous, but mixed relationships with cognitive outcomes. For example, two of the five studies that measured language skills found positive associations with various Bacteroides, including Bacteroides uniformis (Tamana et al., 2021) and Bacteroides vulgatus (Zhang et al., 2021). Bacteroides stercoris, however, was negatively associated with language skills in one of these studies (Zhang et al., 2021). Interestingly, the latter study also found Bacteroides intestinalis and Bacteroides vulgatus were higher in those with more behavioral problems (Zhang et al., 2021).

Lastly, Streit et al. (2021) demonstrated unique relationships between cognitive outcomes and taxa, showing that 4 year old abundance of an unclassified genus within the family Enterobacteriaceae, closely resembling Enterobacter cloacae, Enterobacter asburiae and Kluyyera intermedia, were negatively associated with language skills, full-scale IQ and performance IQ. This family or species were not related to language skills in other studies.



3.5.4. Metabolomics and metabolites

Volatile fatty acids were measured in one study (Loughman et al., 2020) and fecal serotonin in another in this age-group (Sobko et al., 2020). Loughman et al. (2020) found that 12 months old fecal VFAs were not related to child behavior at 2 years old (Loughman et al., 2020). The 12 weeks outdoor intervention conducted in preschool-aged children found that fecal serotonin levels were lower in the control group at post-intervention; however, while perceived stress was decreased by the intervention, there was no direct association between perceived stress and fecal serotonin (Sobko et al., 2020).

Studies used metagenomic shotgun (i.e., KEGG Orthology, Gene Ontology) (Kelsey et al., 2021; Streit et al., 2021) and 16s rRNA sequences (i.e., Phylogenetic Investigation of Communities by Reconstruction of Unobserved States (PICRUSt)) (Sobko et al., 2020) to assess and predict microbiota functional groups, respectively. In preschool aged children, higher perceived stress was positively associated with carbohydrate (i.e., pyruvate, glycolysis and gluconeogenesis), amino acid (i.e., phosphonate and phosphinate, D-Glutamine and D-glutamate, and beta-Alanine), and fatty acid metabolism. Alternatively, betalain and indole alkaloid biosynthesis were negatively associated with perceived stress (Sobko et al., 2020).

Streit et al. (2021) used a subsample of 33 children to explore metabolic potential of the gut microbiome using shotgun sequencing and found that lower cognitive functioning was associated with norspermidine synthesis at 4 years old. Tamana et al. (2021) predicted the metabolic potential at 12 months old using 16S rRNA sequencing and found no associations with cognitive outcomes at 2 years old. However, membership to the highest language and cognitive performing community structure, which was characterized by high Bacteroidetes, was associated with sphingolipid metabolism, glycosphingolipid biosynthesis and genes involved in folate, biotin, pyruvate, vitamin B6, lipoic acid, and fatty acid biosynthesis (Tamana et al., 2021).




3.6. Children (cognitive assessments 5 to 12 years old)


3.6.1. Alpha diversity

Few studies were conducted in older children, and only one study explored gut microbiome relationships with alpha diversity: preadolescents with higher observed species had significantly higher self-reported negative emotions (Michels et al., 2019).



3.6.2. Beta diversity

In 5–7 year olds, beta diversity was not associated with negative affect (Flannery et al., 2020). Similarly, an association between PCoA clusters of Weighted and Unweighted UniFrac was demonstrated with self-reported happiness subscale, but not with parent-reported emotional problems (Michels et al., 2019). One longitudinal study found the first-pass meconium composition to be related to cognition at 5 years old, after adjustment for delivery mode and sex. Specifically, meconium samples with higher abundances of Bifidobacterium were associated with better composite cognition, while higher abundances of Bifidobacterium and Veillonella were related to better practical reasoning abilities. Of note, there were no relationships between 3, 6, 12, or 36 months beta diversity with cognition at 6, 12, 18, 24, 36 or 60 months old (Guzzardi et al., 2022).



3.6.3. Taxonomy

Relevance of taxa such as Prevotellaceae, Veillonella, Bacteroides, Lachnospiraceae, and Akkermansia to cognitive outcomes appears to extend from preschool to school-aged children, although directionality differs in some cases. For example, the positive relationships with cognition observed in preschool-aged children for Prevotellaceae were extended to school-age: Prevotellaceae UGC 001 was related to higher happiness (Michels et al., 2019). High abundances of Akkermansia was mixed in this age-group, showing less anxious-depressed behaviors (Flannery et al., 2020), but lower happiness (Michels et al., 2019).

Clostridia (especially Lachnospiraceae and Rumminococcaceae) demonstrated mostly negative relationships (although still mixed) with cognitive outcomes. Rumminococcacceae UCG 001, 002, 013, 014 and Ruminiclostridium 5, as well as Lachnospiraceae NK4A136 and FSC020 groups, Lachnospiraceae UCG-008, Blautia, Lachnoclostridium and Roseburia, were all associated with lower happiness in preadolescent children (Michels et al., 2019). Roseburia spp., were also positively related to anger, depressive problems, and fear in 5–7 year olds (Flannery et al., 2020). Another Lachnospiraceae, Eubacterium, demonstrated multiple negative relationships with cognition; Eubacterium coprostanoligenes group was related to lower happiness (Michels et al., 2019), while Eubacterium rectale and Eubacterium siraeum related to worse inhibitory control, a subscale of the effortful control (Flannery et al., 2020). Eubacterium siraeum was also positively associated with the anxious-depressed scale (Flannery et al., 2020).

Flannery et al. (2020) observed increased abundance of Bacteroides fragilis with higher inhibitory control ability and reduced levels of aggressive behavior, emotional reactivity, total and externalizing behavior and sadness. Bacteroides thetaiotomicron was also related to reduced behavior problems. Bacteroides was also related to greater happiness in preadolescents (Michels et al., 2019). Conversely, Parabacteroides (Bacteroidales order) was related to higher fear (Flannery et al., 2020).



3.6.4. Metabolomics and metabolites

One study in this age-group used metagenomic shotgun (i.e., KEGG Orthology, Gene Ontology) to assess and predict microbiota functional groups, finding that fatty acid biosynthesis was positively associated with anxious depressed subscale (Flannery et al., 2020). Additionally, fear was strongly positively associated with heme biosynthesis and the manganese/iron transport system in this study. Anger and frustration was positively associated with leucine degradation, methanogenesis, glutamate transport system and GABA biosynthesis. Glutamate transport system was also positively associated with depressive problems. Impulsivity was positively associated with tryptophan metabolism to kynurenine, and anxiety problems and fear with biosynthesis of melatonin (Flannery et al., 2020). Lastly, secretion systems of type II, III, and VI, which are thought to play roles in virulence for various pathogens (Collazo and Galán, 1997; Cianciotto, 2005), were related to increased aggressive behavior, anxiety problems, anxious depression, depressive problems externalizing behavior, and anger frustration (Flannery et al., 2020).





4. Discussion

The present review explored the existing evidence associating gut microbial composition and/or function with the development of cognition in neurotypical children from birth to adolescence. The findings suggest a relationship between various characteristics of the gut microbiome, including community structure and the relative abundances of Bifidobacterium, Bacteroides, Clostridia (mainly Lachnospiraceae, and Eubacterium), Prevotella, Veillonella, Akkermansia, and Roseburia with child temperament or cognition, which is summarized in Figure 2. This figure illustrates the key genera associated with various aspects of cognition and suggests that a temporal relationship exists between microbes and cognitive outcomes. For example, Bifidobacterium abundance measured under 1 year old was related almost exclusively to positive cognitive outcomes. On the other hand, relationships between Bacteroides and Prevotellaceae and cognitive outcomes were not evident until 1 year old or older. Veillonella abundance was related to cognitive outcomes throughout all ages, whereas relationships with Roseburia and Eubacterium were primarily observed in preschool or school-aged children. These associations likely represent the developmental changes in the relative abundance of the bacteria during development, but does not preclude windows in which cognitive development may be more sensitive to different microbial consortia. This could be tested in preclinical models and human interventions to inform design and interpretation of studies within the context of the age-dependent characteristics of the gut microbiome.
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FIGURE 2
Child cognitive, temperament and Behavior outcome associations with bacterial abundances. Relationships across multiple studies between outcomes and bacterial abundances of Bacteroides, Lachnospiraceae, Prevotellaceae, Roseburia, Bifidobacterium, Veillonella, Akkermansia, Eubacterium, and Lactobacillus are shown (bacteria denoted by color). Each rectangle or circle symbol denotes a single study. Rectangles signify associations between bacterial abundances measured earlier in life (age of gut microbiome assessment listed inside the rectangle) and later cognitive outcomes. Circles denote cross-sectional studies. Symbols on the left side of x-axis (listed to the left of the cognitive outcomes) are negative associations. Symbols listed on the right side of the x-axis (right side of cognitive outcomes) are positive associations. The y-axis represents increasing age of cognitive assessment, from infants 6 months old and below up to school age children (5–11 years old). Y, years-of-age; m, months-of-age; w, weeks-of-age; d, days-of-age.


Although diverse in their methodology and aims, several pilot studies of relationships between brain structural or functional connectivity and gut microbiome corroborate the numerous studies showing links between the gut microbiome and cognition (especially fear and/or negative affect), and provide potential mechanism. Integrity of functional neural circuits and regions of the brain responsible for processing and response to threat were associated with various characteristics of the gut microbiome across studies: higher alpha diversity with weaker amygdala-thalamus functional connectivity at 1 year old (Gao et al., 2019), higher alpha diversity with stronger functional connectivity of the homologous-interhemispheric network at 25 days-old (Kelsey et al., 2021), 1 month old beta diversity with 1 year old medial prefrontal cortex volume and 1 year old beta diversity with amygdala volume (Carlson et al., 2021). On the other hand, 2018 study by Carlson et al. (2018) explored associations between microbiome measures and various regional gray matter volumes, finding few consistent themes (results varied in direction, were unilateral and anatomically distributed. While promising, due to the small sample sizes, diverse methods and exploratory nature, these findings should be interpreted cautiously until replicated.

Similarly, few studies measured functional potential of the gut microbiome, yet demonstrate several consistent relationships. The significance of higher surgency or extraversion during infancy is not well-understood. High extraversion has demonstrated associations with better self-regulation and lower depressive symptoms in toddlerhood (Komsi et al., 2006), yet is related to higher externalizing behavior problems throughout childhood (e.g., aggression, anger) (Rothbart, 2007). On the other hand, stronger evidence exists for linkages between self-regulation and negative emotionality with later psychopathology in childhood and adolescence: a recent systematic review found that infants with lower self-regulation and higher negative emotionality are at increased risk for poor mental health characteristics and neurodevelopmental problems later (Kostyrka-Allchorne et al., 2020). Several studies used the same measures of alpha diversity, specifically Shannon Diversity and Chao1. These measures describe both richness and both evenness and richness, respectively (Knight et al., 2018). Neither alpha diversity measure was related to child temperament across several domains. However, those expressing greater microbiota evenness during early infancy had lower parent (Aatsinki et al., 2019) and experimenter-measured (Carlson et al., 2021) fear behavior later. Related, preschool-aged children with higher evenness demonstrated lower perceived stress (Sobko et al., 2020). Overgrowth of various bacteria with pathogenetic potential has emerged as having a potential role in cognitive and neurodevelopmental disorders (Rinninella et al., 2019). In the present review, one study measuring metabolic potential of the gut microbiome with WGS found no relationships between pathogenic virulence genes and infant temperament (Kelsey et al., 2021), while another found secretion systems relevant for virulence of pathogens associated with increased behavioral problems (Flannery et al., 2020). Higher alpha diversity and particularly evenness of the gut microbiota may contribute to the prevention of the blooming of harmful bacteria (Vangay et al., 2015) and may play a role in prevention of pathologies that impair cognitive development.

Community structure of the gut microbiome was also related to negative affect, fear and positive affect (i.e., extraversion/surgency) in most studies assessing their relationships. On the other hand, the highly heterogenous findings for the relationship between the gut microbiome and self-regulation (including aspects of inhibitory-control and effortful control) may be explained by the high dependence of self-regulation on child age (Montroy et al., 2016). Specifically, 2.5 months old community structure dominated by Bifidobacterium/Enterobacteriaceae exhibited higher regulating abilities at 6 months old, compared to those with Bacteroides or Veillonella dispar.-dominant community structure (Aatsinki et al., 2019). Another study found no relationship for early beta diversity with 12 months old regulation (Fox et al., 2021). In a cross-sectional study of older children (∼6 years old), taxonomic analyses revealed better inhibitory control in those with greater abundances of Bacteroides fragilis and lower abundances of Eubacterium rectale, Eubacterium siraeum, and Bifidobacterium adolescentis (Flannery et al., 2020). Given the inconsistency in observed relationships and the lack of replication in age groups studied, additional longitudinal studies exploring relationships between regulation and the gut microbiome are needed.

Relationships of richness, evenness and phylogenetic diversity with language and motor skills was highly mixed and essentially non-existent for higher order functions. However, Carlson et al. (2018) demonstrated that lower richness and phylogenetic diversity at 1 year old was associated with greater language development from 1 to 2 years old, even after adjusting for beta diversity and breastfeeding status at 1 year old. This finding was surprising, since alpha diversity tends to increase throughout childhood. However, consideration of dietary intake as a confounder in the alpha diversity-cognition relationship should be further explored. These findings could simply be a reflection of dietary pattern changes, as diet quality decreases throughout childhood (U.S. Department of Agriculture and U.S. Department of Health and Human Services, 2020). In other words, higher alpha diversity at 1 year old could be indicative of a child consuming a lower quality diet characteristic of an older child’s diet. Future work should carefully consider confounders in the alpha diversity-cognition relationship, including diet quality and beta diversity.

This same study by Carlson et al. (2018) along with another that replicated their analysis (Tamana et al., 2021), found that community structures characterized by elevated Bacteroides (Carlson et al., 2018) and Bacteroidetes (Tamana et al., 2021) were associated with better language scores at 2 years old. Additionally, they found Bacteroides (Carlson et al., 2018; Tamana et al., 2021) and Bacteroidetes were associated with higher change scores in language development from 1 to 2 years old. For analyses of individual taxa, two studies also found Bacteroides spp., Bacteroides uniformis (Tamana et al., 2021) and Bacteroides vulgatus (Zhang et al., 2021) related to higher language skills. Bacteroides fragilis and Bacteroides thetaiotomicron were also associated with fewer behavioral problems in 5–7 year olds (Flannery et al., 2020) and Bacteroides to greater happiness in 8–11 year olds (Michels et al., 2019). This corroborates findings in young adults, demonstrating relative abundance of Bacteroides associated with 20 of 33 brain-related metabolic pathways measured via prediction of functional composition of microbial communities from 16S using PICRUSt2. This study also found a relationship between Bacteroides-related metabolic pathways, working memory and behavioral inhibition, which was mediated by functional connectivity of the cognitive control system (prefrontal and lateral cortices) (Zhu et al., 2022).

One of the studies included in the review demonstrated that Bacteroidetes-dominant clusters in toddlers were enriched with genes related to sphingolipid metabolism (Tamana et al., 2021). Similarly, Bacteroides relative abundance positively associated with genes involved in sphingolipid metabolism in adults (Zhu et al., 2022). Sphingolipids serve as important structural components of cell membranes, play roles in mediation of metabolic and immune signaling within the intestines (Bryan et al., 2016) and may even be potential drivers of neurodevelopment (Hannun and Obeid, 2018). Bacteroidetes are thought to be the only commensals able to produce sphingolipids (Olsen and Jantzen, 2001). Therefore, synthesis of sphingolipids may serve as a mediator of the relationship between Bacteroidetes and cognitive development.

Two studies from this review found that children with community structures dominated by Bacteroidetes or Bacteroides were not only the highest cognitive performers, but that they also had increased biosynthesis of vitamins, including folate, biotin and pyridoxine (Carlson et al., 2018; Tamana et al., 2021). B vitamins are emerging as having roles in the survival and function of the gut microbiota. At the same time, certain members of the gut microbiota are thought to contribute to the host pool of B vitamins, although the extent to which this occurs is only speculative. Cobalamin, folate, niacin and pyridoxine produced by the gut microbiota may contribute between 27 and 86% of the daily recommended intakes (Magnúsdóttir et al., 2015). Cobalamin, folate and pyridoxine are particularly relevant for neurocognitive development, contributing to myelination, synaptogenesis and neurotransmitter synthesis (Reynolds, 2006; Kennedy, 2016). Interestingly, it is estimated that roughly half of all Bacteroidetes produce cobalamin, while almost all produce folate and pyridoxine (Magnúsdóttir et al., 2015).

Dominance of the Bacteroides genus may not be beneficial in all contexts, as it was positively associated with lower surgency and regulation in infancy (Aatsinki et al., 2019). Further, it was positively associated with higher fear reactivity in the medial prefrontal cortex in school-aged children (Callaghan et al., 2019). Zhang et al. (2021) also found that, while beneficial for language development, Bacteroides vulgatus was simultaneously associated with more behavioral problems. This study also reported more behavioral problems in children with higher abundances of Bacteroides intestinalis and Bacteroides stercoris (Zhang et al., 2021). Interestingly, in one study, Bacteroides was positively associated with amygdala volume at 1 month old-of-age (Carlson et al., 2021). Larger amygdala volumes are linked to higher anxiety-related behaviors in both adults and children (Barrós-Loscertales et al., 2006; Tottenham et al., 2010). This suggests that altered amygdala and other structures relevant to emotional processing may mediate relationships between Bacteroides and poor cognitive outcomes observed among these studies.

Clostridia abundance was negatively associated with language and personal/social skills, skills which are closely related with one another (Squires et al., 2009). Remarkably, these findings were replicated across two studies, in both a longitudinal and a cross-sectional context. Specifically, members of the family Lachnospiraceae emerged as relevant for these skills; Tyzzerella was related to poorer language, personal and social skills at 3 years old (Zhang et al., 2021). In early life (3–6 months old), unidentified Lachnospiraceae, Lachnospiraceae dorea, and Lachnospira coproccus were related to higher odds of a potential delay for communication and personal and social skills at 3 years old. Interestingly, the latter study also found that this community structure was associated with lower abundance of Bacteroides (Sordillo et al., 2019), which was related to greater language development during toddlerhood in several studies mentioned previously. Lachnospiraceae also emerged as a relevant taxa for child emotionality and behavior: higher Lachnospiraceae NK4A136 and FSC020 groups, Lachnospiraceae UCG-008, Blautia, Lachnoclostridium and Roseburia were related to lower happiness (Michels et al., 2019) and Eubacterium rectale and siraeum to worse inhibitory control and more reports of anxiety and depression behaviors in school-aged children (Flannery et al., 2020). Consistent with these results, Lachnospiraceae, including Dorea, Lachnoclostridium, and Tyzzerella, may be elevated in children with ASD (Ding et al., 2021; Huang et al., 2021), a disorder characterized partially by poor social communication abilities (Lord et al., 2018).

It is not surprising that higher Bifidobacteriaeceae abundance was related to favorable cognitive outcomes in the context of both basic functions and early child temperament, given its well-established role as conferring health benefits to the host (O’callaghan and Van Sinderen, 2016). Indeed, it appears to play roles in the treatment/prevention of colorectal cancer, diarrhea, necrotizing enterocolitis, inflammatory bowel disease and regularity of bowel movements (O’callaghan and Van Sinderen, 2016). Higher fine motor skills in toddlerhood across multiple studies were associated with bifidobacteria, including Bifidobacteriaecae (Zhang et al., 2021), Bifidobacterium (Sordillo et al., 2019; Acuna et al., 2021), and B. bifidum ATCC 29521 (Acuna et al., 2021). Further, the beneficial effects of supplementation with sn-2 palmitate-rich infant formula for 16 weeks on fine motor skills was mediated by increases in relative abundance of fecal Bifidobacteria (Wu et al., 2021). Bifidobacterium was also related to extraverted (Aatsinki et al., 2019; Fox et al., 2021) and regulating (Aatsinki et al., 2019; Wang et al., 2020; Kelsey et al., 2021) domains of infant temperament. The cerebellum, widely regarded as the primary supporting structure for motor skills (Evarts and Thach, 2003), also demonstrates high functional connectivity with the prefrontal and posterior parietal cortex and may therefore play roles in child behavior (Shevelkin et al., 2014). This corroborates findings in germ-free mouse studies, demonstrating capacity for Bifidobacterium spp. to rescue motor performance deficiencies (Luk et al., 2018) and abnormalities in synaptic density, neural activity and microglia function (Luck et al., 2020).

At the species level, two prominent commensals, B. pseudocatenulatum and B. catenulatum were positively associated with regulation (Kelsey et al., 2021). Several studies suggest an anti-inflammatory and gut barrier protective effect of these species; in a Sprague-Dawley rat model of acute liver injury, pretreatment with B. pseudocatenulatum LI09 and B. catenulatum LI10 resulted in amelioration of liver and ileal mucosal damage, as well as reduced abundance of opportunistic pathogens and bacterial translocation (Fang et al., 2017). Further, B. pseudobatenulatum is linked to improvements in pathologies associated with obesity (Wu et al., 2017; Sanchis-Chordà et al., 2019), lower inflammation and improvement of intestinal barrier function in a mouse colitis model (Chen et al., 2021). Bifidobacteria may support gut barrier integrity partially through its ability to produce acetate and lactate directly and butyrate indirectly, via cross-feeding mechanisms (Duncan et al., 2004). Butyrate plays important roles in the regulation of epithelial barrier integrity through stimulation of tight junction proteins (Peng et al., 2009), which may have consequences for cognitive development through its systemic effects. For example, impaired gut barrier function may result in systemic inflammation, impaired nutrient absorption, and immune homeostasis, all of which may have negative consequences for cognitive health (Shields et al., 2017; Syme et al., 2019; Blaak et al., 2020; Tommaso et al., 2021; Ren et al., 2022).

Several studies found Prevotellaceae to be related to positive cognitive outcomes, including fewer behavioral problems in toddlers (Loughman et al., 2020; Zhang et al., 2021) and happiness in school-aged children (Michels et al., 2019). These findings are consistent with observations in adults; higher relative abundance of Prevotella has been linked to increases in functional connectivity of the default mode network, the cognitive control network, and the fronto-parietal attention network in females (Kohn et al., 2021). The hypothalamic-pituitary-axis (HPA) is responsible for regulation of stress responses, and is therefore also relevant for behavioral problems and emotional reactivity (Doom and Gunnar, 2013). Dysregulation of the HPA is evident in germ-free mice (Clarke et al., 2013), and higher Prevotella abundance has been linked to lower HPA reactivity in infants, measured via salivary cortisol before and after heel stick (Rosin et al., 2021). Abundance of Prevotella is widely regarded as increasing as a result of consumption of plant-derived polysaccharides in children (Dinsmoor et al., 2021), a covariate that was only accounted for in 1/3 studies demonstrating these associations. Future studies should aim to account for consumption of dietary fiber and protein (both fermentable by the gut commensals), in order to understand if Prevotella relates to cognitive development, independent of diet.

Studies in germ-free mice suggest a role of SCFAs in the rescue of structural and immune-specific abnormalities (Erny et al., 2015), potentially due to their systemic anti-inflammatory effects (Ren et al., 2022). Tamana et al. (2021) found that children with higher 1 year old fatty acid biosynthesis and Bacteroidetes abundance had significantly better cognitive and language performance at age two. However, functional potential for fatty acid metabolism in the gut microbiome was also positively related to anxiety (Flannery et al., 2020) and perceived stress (Sobko et al., 2020) in school- and preschool-aged children, respectively. Functional terms for fatty acid metabolism does not differentiate between production of SCFAs versus BCFAs. Further, BCFAs are related to poor outcomes for gut and metabolic health (Russell et al., 2011), both of which have consequences for cognitive health (although this has yet to be directly explored). BCFAs are produced in greater abundance in the distal colon from fermentation of proteins (Macfarlane et al., 1992); therefore, higher BCFAs may be indirectly representative of low fiber intake, since, in the absence of this preferred source, microbes may switch to fermentation of proteins (François et al., 2014; Hald et al., 2016). Indeed, elevated branched-chain fatty acids (BCFAs) were associated with more emotional problems in older children (8–16 years), independently of BMI and diet (Michels et al., 2017).

Butyrate is widely regarded as having positive benefits for the host (Blaak et al., 2020). However, the study mentioned previously also found butyrate to be associated with more emotional problems (Michels et al., 2017). While this could indicate previous overestimation of these positive effects of butyrate, or that butyrate is specifically detrimental to child cognitive health, measurement of VFAs in feces is significantly limited in its ability to differentiate between increased production versus low absorption by enterocytes. Thus, elevated excretion of butyrate could be a product of impaired absorption of SCFAs. Interestingly, Michels et al. (2017) did not observe associations between other SCFAs, propionate or acetate, wherein acetate and lactate (a SCFA intermediate) are frequently converted to butyrate by gut commensals (Duncan et al., 2004; O’callaghan and Van Sinderen, 2016). Given the complexity of interpretation of fecal VFA or related functional genes alone, studies that incorporate both metabolites and functional capacity of the gut microbiome simultaneously are needed in younger cohorts.

The tryptophan/serotonin/kynurenine pathway has recently emerged as an important contributor to the gut-microbiome-brain axis through its modulation of ENS and CNS functioning. Specifically, the gut microbiota appear to directly influence host serotonergic production through alteration of tryptophan availability via its metabolism (Kennedy, 2016), as well as through microbial metabolites such as SCFAs (Reigstad et al., 2015). One study included in the present review found that a 12 weeks outdoor intervention trial reduced perceived stress in preschool-aged children. Fecal serotonin remained stable and gut microbial composition was altered in the intervention group, but not in the control group. Roseburia spp. were negatively associated with fecal serotonin and positively associated with anger frequency, providing evidence for altered behavior through regulation of circulating tryptophan availability and kynurenine pathway metabolism by the gut microbiota (Sobko et al., 2020). The role of the gut microbiota in immune system development may also indirectly influence this pathway, as the trade-off between production of kynurenine and serotonin favors production of kynurenine in times of stress and inflammation (Kennedy, 2016). In fact, another study in similarly, aged children demonstrated positive associations for impulsivity and adverse home environment exposure (likely to impose stress upon a child) with tryptophan metabolism to kynurenine by the gut microbiome. Further, impulsivity was linked to lower abundances of Bacteroides fragilis and higher abundances of Eubacterium siraeum. Consistent with the outdoor intervention study outlined above, Flannery et al. (2020) also found higher Roseburia hominis to be linked to an increased anger-frustration subscale.

Given the limited evidence on gut microbiome-cognition relationships in neurotypical children, a wide range of neurocognitive outcomes were included in the present review. Thus, one of the prominent limiting factors for summarizing findings was the lack of replication of methodological approaches for neurocognitive assessment. As a result, there was little uniformity between studies for cognitive outcome and age. This is a significant limitation, as both the human gut microbiome (Bokulich et al., 2016; Stewart et al., 2018) and cognitive functions (Casey et al., 2005) develop rapidly throughout early life. Future work should aim to replicate findings of high quality studies reviewed herein.

As seen in Supplementary Table 1, the most common form of neurocognitive assessments were child behavioral problems, infant temperament characteristics, and motor and language skills. Far less work has focused on independent cognitive domains (i.e., working memory or inhibitory control), which comprise cognitive control, or “the ability to flexibly adjust behavior in the context of dynamically changing goals and task demands” (Nigg, 2017). This aspect of cognition provides a foundation for problem solving, reasoning and planning (Diamond, 2013), and is relevant for later academic achievement (Blair and Razza, 2007), physical health (Moffitt et al., 2011), and mental health (Tangney et al., 2004). Conversely, while there is some evidence suggesting negative emotionality as a predictor of later psychological disorder, relevance of other domains (regulation/orienting and surgency/extraversion) to child health are less clear (Kostyrka-Allchorne et al., 2020). Related, the present study attempted to include “neurotypical” infants only, while, neurodevelopmental disorders are often undetected throughout infancy (Straub et al., 2022). As a result, studies on infant temperament may be biased by inclusion of undiagnosed neurodevelopmental conditions. Thus, studies focused on cognitive control or its domains are needed to complement current work comparing thosewithout neurodevelopmental disorders to fully understand applicability of interventions aimed at the gut microbiome to promote cognitive health.

Another finding of this review was the lack of gut microbiome-cognition-axis studies conducted in older children, especially school-aged. Research should certainly address this area, as the gut microbiome is associated with mood disorders (Valles-Colomer et al., 2019), which are commonly incident and increasing in prevalence for this age-group (Merikangas et al., 2009). Further, development of many cognitive processes and related structures continues to occur throughout late-childhood and even early adulthood (Casey et al., 2005). For example, the prefrontal cortex, which contributes to our self-regulating abilities, develops until early adulthood (Nigg, 2017). Interestingly, a small pilot study of children ∼8 years old observed that higher abundances of Lachnospiraceae and Bacteroides were related to elevated prefrontal cortex activation to emotional faces (Callaghan et al., 2019). The relevance of the gut microbiome for mood-disorders is further supported by its observed relationships with mood-disorder-related symptomology and behaviors, as higher alpha diversity and adundances of Bacteroides and Parabacteroides, yet lower abundance of Lachnospiracae and Veillonella was related to at least one measure of elevated stress (i.e., parent-reported negative events and emotions, child-reported emotional problems and low happiness, parasympathetic response to stress), independent of age, gender, parental education, BMI z-score, fiber, protein, sweet and fat food intake, physical activity and sleep (Michels et al., 2019).

Many studies included in the present review were cross-sectional, thus lacking study design to infer causality of the gut microbiome on cognitive development. Species-level observations herein should be interpreted cautiously, as most studies (n = 20/23) measured gut microbiota via 16S rRNA, and thus had limited capacity to infer species-level relationships (Knight et al., 2018). There were also considerable differences in sequencing techniques, metagenomic analyses and bioinformatic analyses. For example, 16S rRNA regions, qPCR primers, sequencing platforms and reference databases varied, all of which introduce biases related to sequencing depth and coverage, as well as identification of microbes and related genes (Knight et al., 2018).

Most studies were conducted in children under age 3 years old, wherein the gut microbiome is thought to be highly unstable and variable up to this point (Stewart et al., 2018). Additionally, cognitive outcomes prior to the start of formal schooling are likely to be influenced heavily by parent-child relationships and home or daycare environments, all of which can also impact gut microbiome colonization (Tamburini et al., 2016; Stewart et al., 2018). In fact, one study from the present review observed a moderating effect of caregiver behavior on the relationships between the gut microbiome functional diversity and behavioral dysregulation (Flannery et al., 2020). By conducting longitudinal analyses that include gut microbiome measurement at multiple timepoints before and after gut microbiome stability increases and cognitive assessments after the initiation of formal schooling, several confounders of the gut microbiome-cognition relationship could be avoided.

Several covariates considered in these studies may require additional consideration for future gut microbiome-cognition studies. Certain aspects of human brain and cognitive development may be dependent on sex (Hastings et al., 2011), and preclinical evidence suggests that boys may be more susceptible to gut microbiome effects on cognitive development (Turnbaugh et al., 2007, Jasarevic et al., 2017). While all studies included in this review accounted for sex as a covariate at least statistically, several explored relationships between cognitive outcomes and gut microbiome separately and observed sex-dependent relationships (Christian et al., 2015; Aatsinki et al., 2019; Tamana et al., 2021). Future studies should aim to explore the gut microbiome-cognition axis together, as well as separately for males and females. Studies with gut microbiome measured post-weaning did not account for solid diet as a covariate, which is highly influential for gut microbiome colonization/development (Davis et al., 2020; Dinsmoor et al., 2021). Also, a remarkable number of studies (n = 5) did not adjust for antibiotic exposure. Due to the significant impact antibiotic usage can have on development of the gut microbiome (Bokulich et al., 2016), this may represent an important confounder for the gut microbiome-cognition/behavior relationship. Lastly, assessment of the included studies found that 15/23 of these to be of “fair” and two to be of “poor” quality, suggesting that results of many studies included in the review are subject to at least some bias.



5. Conclusion

Research into potential associations between the gut microbiota and cognitive development in neurotypical children has lagged behind studies of children with atypical neurodevelopmental trajectories. However, existing evidence support microbial family and genus-level relationships with favorable cognitive outcomes in children. Although, it should be noted that specific microbial taxa can have both positive and negative associations with cognitive outcomes in children of different ages. To advance the field, future studies should explore microbial associations at the species or strain-level gut microbiota and should incorporate metagenomic and metabolomic analyses to uncover functional readouts of the microbiome. In addition, dietary intakes should be routinely collected given its key role in modulating gut microbiome-diet interactions in infants and children (Davis et al., 2020; Dinsmoor et al., 2021). Additionally, evidence-informed RCT dietary interventions represent a promising avenue by which to engineer the gut microbiome, given its feasibility in both clinical and non-clinical settings. Although this work was focused on healthy and neurotypically developing children, studies included in this review provide a promising foundation for future gut-microbiome-targeted work aimed at alleviating neurodevelopment delays throughout childhood.
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