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Abstract

Background: Cesarean sections (CS) are among the most commonly performed surgical 

procedures in the world. Epidemiologic data has associated delivery by CS with an increased risk 

of certain adverse health outcomes in children, such as asthma and obesity.

Objective: To explore what is known about the effect of mode of delivery on the development of 

the infant microbiome and discuss the potentially mediating role of CS-related microbial dysbiosis 

in the development of adverse pediatric health outcomes. Recommendations for future inquiry are 

also provided.

Methods: This study provides a narrative overview of the literature synthesizing the findings of 

literature retrieved from searches of PubMed and other computerized databases and authoritative 

texts.

Results: Emerging evidence suggests that mode of delivery is involved in the development of the 

neonatal microbiome and may partially explain pediatric health outcomes associated with birth by 

CS. Specifically, the gut microbiome of vaginally delivered infants more closely resembles their 

mothers’ vaginal microbiome and thus more commonly consists of potentially beneficial 

microbiota such as Lactobacillus, Bifidobacterium, and Bacteroides. Conversely, the microbiome 
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of infants born via CS shows an increased prevalence of either skin flora or potentially pathogenic 

microbial communities such as Klebsiella, Enterococcus, and Clostridium.

Conclusions: Mode of delivery plays an important role in the development of the postnatal 

microbiome but likely tells only part of the story. More comprehensive investigations into all the 

pre- and perinatal factors that have the potential to contribute to the neonatal microbiome are 

warranted.
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Introduction

Postnatal microbial colonization of the human gastrointestinal track plays a critical role in 

health and disease [1]. Recently, the concept that infants are born sterile has been called into 

question by studies demonstrating a diverse microbial community in amniotic fluid, 

placental samples, and meconium [2, 3]. Accumulating data has shown that cesarean section 

(CS) alters the infant microbiome [4, 5], with the subsequent microbial dysbiosis being 

implicated in an increased risk of adverse outcomes such as asthma, obesity, diabetes, and 

allergies [6–8]. Given that CS is one of the most common surgical procedures performed 

today, with CS rates in developed countries far exceeding the recommended rates [9], the 

mechanisms potentially linking CS to deleterious health outcomes are particularly important 

to understand.

One mechanism believed to link CS and later disease is the hygiene hypothesis and the 

differential exposure to maternal microbiota experienced by infants born via CS versus 

vaginal delivery [8, 10]. Due to the potential for CS to modify the development of the infant 

microbiome and potentially affect long-term health outcomes, this review explores: (1) the 

impact of CS birth on the development of the infant microbiome and (2) known associations 

between the perinatal microbiome and subsequent health outcomes in children born via CS. 

It ends with a brief look at other maternal factors which merit investigation due to their 

potential to mediate or even mitigate the effect of mode of delivery on the development of 

the neonatal and pediatric microbiome.

Methods

Initial searches were conducted in PubMed with the assistance of a reference librarian. We 

searched PubMed for MeSH headings and keywords to identify publications for inclusion. 

The only limits applied were date (original reports published from 2010 to 2015; review 

papers published from 2013 to 2015) and language (available in English). Separate searches 

were performed for each of the topics covered in this review. Combinations of search terms 

for each topic and the number of papers yielded are displayed in online supplementary 

Appendix 1 (for all online suppl. material, see www.karger.com/doi/10.1159/000487102).

For each individual search, all results were combined into a reference database. Then, 

duplicates were deleted. For the first elimination step, studies that were clearly not relevant 

Montoya-Williams et al. Page 2

Neonatology. Author manuscript; available in PMC 2019 May 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://www.karger.com/doi/10.1159/000487102


based on the title were removed. Next, the remaining abstracts were reviewed and those not 

relevant to the topic were removed. For all remaining papers, the full text of the paper was 

read to determine whether relevant information was included. After reviewing the full text of 

eligible papers, additional targeted searches were conducted to retrieve seminal papers that 

may have fallen outside of the prespecified data range or to further search for references to 

answer questions in more detail than possible with the first round of limited searches.

The following discussion will be organized into 3 main sections. First, associations between 

mode of delivery and microbial colonization patterns will be explored. Second, we will 

describe the pediatric outcomes that have been epidemiologically linked to birth by CS and 

CS-associated microbial communities. Finally, we will end with a short overview of other 

factors such as stress, diet, breastfeeding and maternal antibiotics that are also believed to be 

influential in the development of the neonatal microbiome. Recommendations for future 

research are provided based on the potential for these factors to mediate or even mitigate the 

effect of mode of delivery on the development of the neonatal and pediatric microbiome.

Associations between Mode of Delivery and Microbial Colonization

Until recently, the fetal gastrointestinal tract was believed to be sterile, destined to become 

colonized at birth through contact with the microbial community of the vaginal canal [11, 

12]. This “sterile womb” hypothesis emerged from studies using traditional culture-based 

techniques that reported finding no bacteria in amniotic fluid or meconium samples from 

infants born after healthy pregnancies [13]. Under this paradigm, it was presumed that 

infants delivered by CS were devoid of early colonization and began with a 

“bacteriologically clean slate” [11]. Accumulating evidence, however, has demonstrated that 

colonization of the fetus may begin much earlier than birth [14–16]. Using newer molecular 

techniques and high-throughput sequencing technology, an increasing number of groups 

have documented the presence of diverse bacterial communities in amniotic fluid, placental 

samples, and meconium [3, 13]. Some have raised concerns that these newer techniques may 

be particularly prone to confounding issues secondary to contaminant DNA, especially given 

that few groups have demonstrated viable microorganisms in the fetal environment [13]. 

Though the question of whether true microbial colonization of infants begins before or after 

birth remains unclear, the large body of literature documenting differences in the 

microbiome of children born vaginally versus by CS points to the continued importance of 

mode of delivery in helping to shape the postnatal microbiome [4, 17–25]. Though these 

differences have not been completely consistent in the literature, several important trends 

have emerged: (1) children born by CS (and elective CS in particular) exhibit a diminished 

overall diversity in their microbiome, (2) their microbiome appears to contain fewer of the 

bacterial species believed to be health inducing, and (3) there is a trend towards an increased 

prevalence of potentially pathogenic bacteria in their intestinal microbiome.

“Microbial richness” estimates the number of different bacterial taxa or species present and 

“microbial diversity” evaluates both the number of species and the evenness of their 

distribution in a sample [26]. The literature on the relationship between a cesarean mode of 

delivery and the infant microbiome has provided conflicting results on these measures. A 

few groups have found evidence of a persistent negative association between CS and infant 

Montoya-Williams et al. Page 3

Neonatology. Author manuscript; available in PMC 2019 May 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



microbial diversity and richness. For instance, Jakobsson et al. Similarly, Azad et al. [26] 

found that infants born by elective CS (i.e., CS before labor) had the lowest richness and 

diversity at 4 months of age. Sampling infants earlier (at 3 days of life), Biasucci et al. [18] 

also found increased interand intragroup bacterial taxonomy variations in VD infants 

compared to CS infants. Other groups have demonstrated similarly higher numbers of taxa 

in VD infants when looking at bacteria found in oral swab samples of infants [27, 28]. 

Notably, the recent report by Chu et al. [28], which documented a reduced oral cavity 

diversity in infants delivered by CS, found no differences in diversity when looking at the 

meconium microbial composition of infants delivered vaginally compared to those delivered 

by CS.

In contrast, some have noted findings in complete opposition to this notion that CS-delivered 

infants have less microbial diversity. For instance, Endesfelder et al. [17] reported a positive 

rather than negative association between the richness and bacterial abundance at the genus 

level and a history of being delivered by CS. Others have found that placental samples 

collected from CS births [23] or the meconium passed by CS infants in the first 48 h of life 

have a greater microbial diversity than samples collected from VD placentas and infants, 

respectively [29]. This increased heterogeneity in microbial samples from CS infants has 

been documented by some as being present even up to 1 year of age [19]. Finally, there are 

some groups which have reported mixed findings of a higher richness but less diversity in 

VD infants [4] or no diversity differences at all when comparing VD and CS-delivered 

infants [22, 30]. For instance, Azad et al. [26] found the lowest microbial diversity among 

electively CS infants but the highest microbial diversity at 4 months in infants delivered by 

emergency CS (i.e., CS after the onset of labor) – higher than even in the VD infants. 

Further work by this group has shown that structural differences that exist between VD 

infants and CS-delivered infants only persist through the first year of life for infants 

delivered by emergent CS [31].

There appears to be a much stronger consensus as to the differences that exist in the 

composition of the neonatal microbiome of CS versus VD infants than there is regarding 

purported differences in overall diversity or abundance. Many believe this to be due to the 

physical contact of VD infants with the birth canal, which is thought to be a major 

determinant of the microbial differences observed between CS and VD infants [14, 32, 33]. 

This theory is substantiated by reports that common vaginal microorganisms such as 

Lactobacillus, Prevotella, and Sneathia account for the majority of VD infants’ bacterial 

communities [32]. In 2010, Dominguez-Bello et al. [34] published particularly convincing 

evidence of this hypothesis. They described the microbial communities of 10 mothers and 

their infants, 6 of whom were delivered by cesarean. Using samples taken from various body 

sites, they found that VD infants’ microbial communities most resembled their own mother’s 

vaginal microbiota, with a particular emphasis on Lactobacillus. In contrast, infants born via 

CS in their sample were colonized by bacteria that most resembled generic skin flora, not 

simply their own mother’s specific skin bacterial community [34]. Others have also found 

that VD infants have more Lactobacillus specifically compared to infants delivered by CS 

[4, 23].
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Bifidobacterium is another commonly isolated bacteria in fullterm, VD infants [4, 18] that 

has also been documented to be less abundant in infants delivered by CS [4, 18, 19, 21, 25, 

35–39]. The magnitude of the difference in some cases is quite large, with some groups 

reporting the presence of Bifidobacterium in 56% of their VD infants versus it being 

completely absent in their cohort of CS infants [18]. Others have commented on differences 

in abundance, with one group reporting that infants delivered vaginally had up to 1,300-fold 

higher levels of Bifidobacterium in their stool at 1 month of age [39]. In addition, some have 

found that infants born by CS did eventually become colonized with Bifidobacterium, but 

the colonization was delayed and counts remained one third to one half less than in VD 

infants [38]. Importantly, not all groups have found differences in Bifidobacterium 
communities. An analysis of 606 six-week old European infants from 5 countries found that 

mode of delivery had no effect on the relative proportions of Bifidobacterium in their infants 

[40]. That group found that Bifidobacterium and Bacteroides overall were most prevalent 

among all of their sampled infants but only Streptococcus and Coccidiodes species were 

different by mode of delivery and were most commonly found in CS-delivered infants [40].

Bacteroides, another common vaginal colonizer, may be another important organism that 

differentiates by mode of delivery. Many have found that infants born via CS have fewer 

Bacteroides than VD infants [19, 21, 25, 36, 40, 41], with one group reporting up to 100-

fold lower median counts [21]. Others found delayed colonization [20] or no Bacteroides at 

all in their CS infants [23, 26]. These findings have even been discovered in preterm infants 

noted to be born with less amounts of Bacteroides at 29 weeks and who have slower rises in 

abundance when born via CS [42]. Differences in Bacteroides colonization may not, 

however, persist over time. Huurre et al. [39], for instance, found similar Bacteroides 
populations in their VD and CS infants at 1 month of age.

Compared to infants delivered vaginally, infants born via CS appear to be more commonly 

colonized by skin flora. For instance, Dominguez-Bello et al. [34] noted a predominance of 

Staphylococcus, Corynebacterium, and Proprionibacterium spp. in their CS-delivered 

infants. Similarly, a recent cohort of maternal-infant dyads sampled serially over the first 6 

postnatal weeks found that, upon delivery, Propionibacterium and Streptococcus spp. were 

more common in CS infants, though notably that group found that microbial differences by 

mode of delivery were absent by 6 weeks [28]. Other groups have reported associations 

between CS birth and microbial colonization by potentially pathogenic species such as 

Klebsiella [35, 43], Haeomophilus [44], Clostridium [4, 5, 21, 25, 43, 44], Citrobacter [21], 

Escherichia coli [21], and Enterococcus, particularly after emergency CS [45]. Importantly, 

the microbial compositional differences attributable to CS may persist into adulthood, with 

one group finding higher levels of Haeomophilus and certain Clostridium genera in adults 

born by CS compared to adults born vaginally [44]. Again, however, these findings have not 

been consistent in the literature [46]. Recent studies noting inconsistencies within groups of 

CS-delivered infants have hypothesized that the occurrence of labor (i.e., the presence of 

contractions and/ or rupture of membranes) prior to the CS may be a stronger determinant of 

differential microbial colonization than simply a history of CS alone [28]. For instance, in 

one cohort of 81 maternal-infant dyads, neonates delivered via a CS that occurred before 

labor were primarily populated by microbiota found on maternal skin, whereas the taxa 

found on infants delivered via a CS after labor had occurred were more similar to the taxa of 
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VD infants, i.e., communities which resembled maternal skin and vagina [28]. Thus, future 

studies may need to better delineate the circumstances under which CS occurred in order to 

more precisely define microbial differences by mode of delivery.

Pediatric Outcomes Linked to Cesarean-Associated Microbial Communities

Accumulating data suggests infants born via CS have physiologic and pathophysiologic 

differences at birth that are linked to adverse short-term and long-term health outcomes even 

after accounting for a potential increased risk of these outcomes due to maternal 

prepregnancy diagnoses [6, 47]. In the immediate neonatal and infancy period, CS is most 

strongly associated with increased respiratory morbidity [6, 48, 49], diminished initiation of 

breastfeeding [6, 50, 51], relative hypothermia [47], and an increased risk of admission to an 

intensive care unit, particularly if conducted electively prior to 40 weeks [51, 52]. When 

looking at childhood, adolescence, and even adulthood, individuals born by cesarean have 

been noted to have an increased risk of susceptibility to immune-related conditions, 

specifically asthma [6, 53–55], type I diabetes [56], allergic rhinitis [6], food allergies [6, 

47], and celiac disease [57, 58]. In addition, there are strong associations between CS birth 

and an altered body mass composition [8]. Individuals born via cesarean appear to have a 

higher propensity towards being overweight in childhood, adolescence, and even early 

adulthood, independently of the birth weight or known obesity risk factors [7, 59].

Some of these relationships appear to be mediated by the maternal history of atopy. For 

instance, the relationship between CS and food allergy appears to diminish if there is no 

maternal history of atopy [6]. Similarly, in one of the largest Brazilian cohort studies looking 

at CS and the risk of later obesity, adjusted models which took maternal prepregnancy 

weight into consideration found a substantially reduced risk, except for certain small 

subgroups of participants such as women in their early 20s [59]. However, for other 

outcomes, the relationship appears to withstand controlling for potential confounding by 

maternal prepregnancy diagnoses. For instance, Tollånes et al. [55] found that a maternal 

history of asthma did not change the increased risk of asthma seen among CS-delivered 

infants, and Cardwell et al. [56] documented a link between CS and type 1 diabetes after 

accounting for maternal diabetes. Given the relationship between birth by CS and these 

outcomes, the pressing question becomes one of pathophysiology. Increasing evidence 

suggests that the development of certain adverse health outcomes may be due at least in part 

to a neonatal microbial dysbiosis related to birth by CS. The evidence for this lies in the 

associations between the risk of certain disease processes and bacterial groups whose 

presence varies by mode of delivery. These associations are described below.

Health Outcomes Associated with Bacterial Groups Less Common in CS-
Delivered Infants—The bacteria found less commonly in infants born by CS are 

Lactobacillus, Bifidobacterium, Bacteroides, and Prevotella, which, as previously discussed, 

are common vaginal colonizers. Lactobacillus supplementation has been associated with a 

decreased risk of atopic conditions such as eczema and asthma [60], and functional studies 

have demonstrate that Lactobacillus may prevent asthma by reducing airway 

hyperresponsiveness and inflammatory cell invasion of lung tissue [61]. Lower abundances 

of Bifidobacterium have been linked to eczema [62], cirrhosis [63], and colorectal cancer 
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[64]. During infancy, Bifidobacterium spp. are considered beneficial bacteria with reported 

protection against necrotizing enterocolitis in part by influencing gut barrier function [65]. 

Previous work has demonstrated that the protective impact of bifidobacterial species (e.g., 

Bifidobacterium bifidum and B. longum subsp. Infantis) during infancy is likely mediated by 

modification of the gut barrier function via utilization of human milk oligosaccharides [66]. 

The presence of Bifidobacterium in fecal samples in infancy has also been associated with a 

normal weight status by several groups [67, 68]. The antiobesity effects of Bifidobacterium 
are supported by rodent models that demonstrated that administration of Bifidobacterium 
spp. to male Sprague-Dawley rats on a 5-week high-fat diet resulted in reduced body fat and 

improved blood lipid levels [69]. Collectively, these data suggest that CS alters the infant 

microbiome and health outcomes, in part through specific microbe-host interactions that 

modify the infant lipid metabolism and inflammatory responses.

Importantly, not all associations with vaginally related microbiota are consistently positive. 

For instance, the presence of Prevotella has been negatively associated with both general 

inflammation [70] and type 1 diabetes among children [71]. However, pediatric obesity 

research studies have revealed that certain species of Prevotella may play a role in 

carbohydrate fermentation and the production of exogenous short-chain fatty acids)essential 

for obesity-associated microbiota [72–74]. In addition, the H2-producing Prevotella family 

has been found in the gastrointestinal tracts of obese subjects [75]. Thus, it is possible that 

different Prevotella spp. may play differential roles in the metabolism of their host; more 

literature is needed to tease out such differences. Similarly, despite the decreased risk of 

atopy reported with Lactobacillus colonization, the presence of some Lactobacillus species 

such as Lactobacillus reuteri has also been associated with obesity [76, 77]. Bacteroides is a 

vaginal colonizer less frequently seen in CS-delivered infants that has been linked to worse, 

not better, outcomes. In a small case-control study of 32 children, children with type 1 

diabetes displayed increased quantities of Bacteroides compared to healthy children [71]. In 

addition, just as for L. reuteri, colonization with higher levels of Bacteroides has been linked 

to obesity among children and adults [78–80].

Thus, it appears that some vaginal colonizers may have beneficial effects on human 

metabolic and inflammatory pathways while others may contribute to a worsened 

metabolism. The health-mediating role of certain microbes, therefore, appears to have more 

to do with the specific characteristics of each species than with the fact that they are vaginal 

colonizers.

Health Outcomes Associated with Bacterial Groups Seen More Frequently 
after CS—The bacterial groups that appear to be more frequently found in the microbiome 

of CS-delivered infants and that have the most literature linking them to later childhood 

health outcomes are Staphylococcus and Clostridium. Colonization with increased amounts 

of Staphylococcus in the gut of children has been associated in some studies with a later 

development of atopic dermatitis [81–83]. However, other research has shown no association 

between Staphylococcus and other atopic conditions such as asthma [84]. Clostridium spp. 

have also been linked in the literature with atopic conditions, specifically atopic dermatitis 

and asthma. In a prospective cohort of 2,733 children, fecal colonization with Clostridium 
difficile at 1 month of age was associated with a greater than 2-fold risk of asthma and 
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eczema throughout the first 6–7 years of life [5]. However, stratified analyses revealed that 

this increased risk was limited to children of parents who were atopic themselves [5].

Other Maternal Factors Mitigating the Development of the Neonatal Microbiome

It is clear from the above literature that mode of delivery does not fully explain either the 

construction of the neonatal microbiome or the relationship between early microbial 

colonization and later health outcomes. However, there is mounting evidence that other 

maternal factors such as antibiotic use, stress, diet, and breastfeeding also help to shape the 

neonatal microbiome and likely mediate the effect of mode of delivery on the infant 

microbial colonization patterns. For instance, high cumulative maternal stress has been 

linked to a decrease in the relative abundance of Lactobacillus and Bifidobacterium in 

infants and a higher abundance of potentially pathogenic flora such as Escherichia, Serratia, 

and Enterobacter [85]. In addition, Mandal et al. [86] noted an association between a higher 

maternal intake of saturated/monounsatured fat and fat-soluble vitamins and the presence of 

proinflammatory organisms such as Proteobacteria, Firmicutes, and Bacteroidetes in 

offspring. Chu et al. [87] described the same association between a high maternal fat intake 

and a relative abundance of Enterococcus (of the Firmicutes phylum) as well as a depletion 

of Bacteroides spp. during pregnancy and at 6 weeks of age, particularly in infants delivered 

via CS. Breastfeeding has also been seen to affect both the diversity and the abundance of 

microbiota in infants, with some recent data indicating that breastfed infants have less 

microbial diversity earlier and more diversity by 1 year of age [31].

The role of maternal antibiotics in the development of the infant microbiome and potential 

downstream effects on adverse pediatric health outcomes is one that merits particular 

attention [88]. “Intrapartum antibiotic prophylaxis” or IAP regimens are usually ordered for 

prophylaxis against vertically transmitted group B streptococcus infections in newborns or 

for operative skin prophylaxis prior to or during a CS. Extensive evidence has shown 

perioperative antibiotics to be highly effective in reducing maternal infectious complications 

after CS, with rates of endometritis and surgical site infections dropping by half after 

prophylactic intravenous perioperative antibiotics [89]. As a result, the American College of 

Obstetrics and Gynecologists (ACOG) recommends that all women undergoing CS receive 

broad-spectrum antibiotics 60 min prior to incision [90]. Although population studies have 

shown incomplete uptake of this recommendation, close to 60% of newborn born via CS are 

exposed to these broad-spectrum antibiotics [91]. When looking at all newborns 

irrespectively of mode of delivery, the proportion with antibiotic exposure is estimated to be 

about 40%, which is still substantial [31].

Several studies have noted that antibiotic use during gestation is associated with a reduced 

bacterial diversity, and in particular with a lower abundance of Lactobacillus and 

Bifiobacterium in the offspring gut [92–97]. Others have noted an 84% increased risk of 

developing childhood obesity in children whose mothers received any kind of antibiotics 

prenatally [16]. A large cohort of Canadian infants concluded that all types of maternal 

antibiotics were associated with differences in the diversity of infants’ postnatal microbial 

communities in both CS-delivered and VD infants [31]. IAP was also found to be associated 

with deficiencies in Bacteroides spp. and elevated levels of Firmicutes and Proteobacteria in 
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infants up to a year of life. Interestingly, breastfeeding in this cohort appeared to rescue IAP-

exposed infants in that they became less “deficient” in Bacteroides over time [31]. Most of 

these studies either looked at all antibiotic use or focused on the use of broad-spectrum 

medications such as those used for surgical prophylaxis. In one study that looked simply at 

narrow-coverage penicillin use for group B streptococcus prophylaxis, the only difference 

found was a reduction in Clostridium colonization among exposed infants and no differences 

in Bifidobacterium [93]. However, a more recent cohort study did conclude that even 

narrow-coverage penicillin use during vaginal deliveries was associated with a decreased 

abundance of Bifidobacterium and an increased abundance of Clostridium bacteria that 

persisted over the first 12 weeks of life [98].

This limited literature indicates that there are certain maternal factors that may 

independently help to determine the diversity, richness, and composition of the postnatal 

microbiome and some which need to be included at least as covariates when assessing the 

effect of mode of delivery on microbial colonization and downstream health outcomes. 

Some factors, like receipt of IAP, may worsen or at least help to explain the potential 

deleterious effect of cesarean delivery on an infant’s microbiome, while others, like 

breastfeeding, may be able to mitigate the risk of microbial dysbiosis associated with birth 

by CS [31, 90]. In addition, though there is evidence that receipt of any kind of antibiotic is 

associated with microbial changes in infants, there may be differences when comparing 

narrow- and broad-spectrum coverage. Given the unclear mechanisms through which such 

variables as pre-/perinatal antibiotic use, maternal stress, and maternal/infant diet alter the 

offspring microbiome and mediate the effect of CS on microbial development, further 

studies that take into account these overlapping relationships are merited.

Conclusions

CS is one of the most commonly performed procedures in the world and it is currently the 

most common operating room procedure in the USA [99]. The positive impact it has had on 

both maternal and neonatal morbidity and mortality is undeniable [41]. However, it is 

important for both obstetric and pediatric clinicians to be aware of the significant literature 

tying birth by CS to certain adverse short- and long-term health outcomes in infants and 

children. The epidemiologic differences in the microbial communities of infants delivered by 

CS compared to infants delivered vaginally may be mediating the differential risk CS-

delivered children face with respect to disease processes related to autoimmunity and 

obesity. The majority of studies reviewed here highlight a decreased or delayed presence of 

common vaginal colonizers such as Bifidobacterium, Lactobacillus, Bacteroides, and 

Prevotella in infants delivered by CS and a concomitant increased prevalence of skin and 

gastrointestinal flora such as Staphylococcus, Enterococcus, and Clostridium. Furthermore, 

a growing number of cross-sectional and longitudinal observational studies suggest an 

association between microbes the abundance of which appear to be linked to CS and a 

variety of chronic conditions including obesity, metabolic disease, necrotizing enterocolitis, 

inflammatory bowel disease, liver disease, atopy, and asthma. Table 1 depicts a summary of 

these associations.

Montoya-Williams et al. Page 9

Neonatology. Author manuscript; available in PMC 2019 May 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



It is important to recognize that the microbiome may only be one of several potential 

etiologic pathways that explain the relationship between birth by CS and later adverse health 

outcomes. Studies have demonstrated that infants born via prelabor CS lack the gradual 

surge of stress hormones associated with the uterine contractions and fetal hypoxia normally 

experienced during vaginal delivery [54]. This altered stress response to birth may have 

maladaptive effects on the developing immune system directly through poor activation of the 

normal hormonal pathways or perhaps indirectly through stressrelated epigenetic changes 

leading to adverse gene methylation [54]. These nonmicrobial immunologic processes may 

help to explain the increased incidence of autoimmune-mediated adverse health outcomes in 

children born via CS; the microbiome is likely not the full story. This is especially true given 

that all of the studies reviewed here are epidemiological in nature and thus direct causation 

between microbial differences and adverse outcomes cannot be inferred. Whether microbial 

differences seen in CS versus VD infants are the cause or result of a particular health 

outcome that has been impacted by other variables cannot be determined from the studies we 

have reviewed. For example, it remains unclear whether the loss of anti-inflammatory 

bacteria, the gain of pathogenic bacteria, or both are to blame for the higher risk of the 

abnormal body mass composition leading to obesity seen in CS-delivered infants and 

children or whether CS-delivered obese children have altered microbial taxonomic 

signatures due to reasons wholly unrelated to mode of delivery. In cases where the former is 

true, a great deal of additional work is needed to better understand how certain 

characteristics of the human microbiota result in a given disease. Additionally, it appears that 

microbial composition – not total abundances or diversity – may be key, especially given 

contradictory evidence regarding whether diversity is protective or deleterious. However, 

this must be confirmed. Rather than focusing on one specific taxonomic group, future 

investigative efforts would be well served by examining overall microbial diversity 

measures. Finally, future research should also seek to understand the ways in which other 

maternal prenatal factors such as antibiotic use, stress, or diet potentially mediate or alter the 

effect of birth by CS on the development of the neonatal microbial community.

Given the current literature, it may be possible that mode of delivery is simply a proxy or 

mediating covariate along the pathways leading to the establishment of the postnatal 

microbiome and not an independent determinant. Ultimately, what is clear is that mode of 

delivery plays an important role in the development of the postnatal microbiome but likely 

tells only part of the story. The search for a better understanding of the differential risk for 

and pathophysiology of common chronic childhood diseases and adverse adult health 

outcomes would be well served by more comprehensive investigations into all the pre-and 

perinatal factors that have the potential to contribute to the neonatal microbiome. This is 

particularly important given emerging strategies to inoculate CS-delivered infants with 

vaginal microbiota by exposing them to vaginal fluids immediately after birth [100]. 

Unintended consequences such as an increased risk of neonatal infection from such 

attempted microbial transfers or altered colonization may result from a lack of 

understanding of how prenatal exposures and mode of delivery interact to affect the risk of 

disease later on. Thus future investigations should aim to evaluate the way in which all such 

variables interact at the level of the individual maternal-infant dyad.
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