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The vaginal microbiome 
and the risk of preterm birth: 
a systematic review and network 
meta‑analysis
Unnur Gudnadottir  1*, Justine W. Debelius1, Juan Du1, Luisa W. Hugerth1,2, 
Hanna Danielsson1,3, Ina Schuppe‑Koistinen1,2, Emma Fransson1,4 & Nele Brusselaers1,5,6

Preterm birth is a major cause of neonatal morbidity and mortality worldwide. Increasing evidence 
links the vaginal microbiome to the risk of spontaneous preterm labour that leads to preterm birth. 
The aim of this systematic review and network meta-analysis was to investigate the association 
between the vaginal microbiome, defined as community state types (CSTs, i.e. dominance of specific 
lactobacilli spp, or not (low-lactobacilli)), and the risk of preterm birth. Systematic review using 
PubMed, Web of Science, Embase and Cochrane library was performed. Longitudinal studies using 
culture-independent methods categorizing the vaginal microbiome in at least three different CSTs to 
assess the risk of preterm birth were included. A (network) meta-analysis was conducted, presenting 
pooled odds ratios (OR) and 95% confidence intervals (CI); and weighted proportions and 95% CI. All 17 
studies were published between 2014 and 2021 and included 38–539 pregnancies and 8–107 preterm 
births. Women presenting with “low-lactobacilli” vaginal microbiome were at increased risk (OR 
1.69, 95% CI 1.15–2.49) for delivering preterm compared to Lactobacillus crispatus dominant women. 
Our network meta-analysis supports the microbiome being predictive of preterm birth, where low 
abundance of lactobacilli is associated with the highest risk, and L. crispatus dominance the lowest.

Preterm birth (< 37 completed gestation weeks), which accounts for over 10% of births worldwide, is a major 
cause of neonatal mortality and morbidity1. Many factors can trigger premature labour onset, including preterm 
premature rupture of membranes (PPROM), infections (e.g. Trichomonas vaginalis and Chlamydia trachoma-
tis2) and microbial invasion of the amniotic cavity3,4. The vaginal microbiome is thought to protect from such 
infections, with low diversity microbiome dominated by Lactobacillus species considered “healthy”. In contrast, 
a diverse microbiome with low abundance of lactobacilli and high amounts of anaerobic bacteria can cause 
dysbiosis, overlapping with the clinical bacterial vaginosis (BV) diagnosis5–7. BV is often asymptomatic, yet has 
been associated with higher risks of genital infections and complications, including human papillomavirus (HPV) 
infections8,9 and pelvic inflammatory disease10. It has also been proposed that different Lactobacillus species may 
present different risk profiles for various adverse events5,8. Since vaginal dysbiosis affects millions of women, it is 
important to understand the role of the vaginal microbiome in preterm birth5,11. Currently there are few studies 
available that assess the relationship between the vaginal microbiome and preterm birth, with conflicting find-
ings on whether the vaginal microbiome can influence the risk of preterm birth2,12.

Although meta-analyses are a great tool to pool the results from different studies, common challenges are 
clinical and methodological heterogeneity. Meta-analysing microbiome studies is particularly difficult because 
of diverse study designs, limited power and a large variety in sampling and processing techniques, including 
different hypervariable regions targeted13,14. These challenges were described in a systematic review based on 
culture-independent methods to assess the vaginal microbiome and preterm birth, which included nine studies15. 
One systematic review included an individual-patient meta-analysis, yet only five cohorts had sequencing data 
publicly available16.
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Our group recently introduced a novel method into the microbiome meta-analysis field to assess the relation-
ship between the vaginal microbiome and the risk of HPV infections8. This network meta-analysis approach is 
based on aggregated data; and can be used to compare different microbiome “categories” in the same statistical 
model, based on direct and indirect evidence. Although categorizing the vaginal microbiome has its challenges, 
community state types (CSTs)6 are commonly used and easy to interpret.

We used this network-meta-analysis method to assess the association between the vaginal microbiome (as 
CSTs) and the risk of preterm birth, based on a comprehensive systematic review.

Methods
Study selection and criteria.  Only longitudinal studies were considered, in which the vaginal micro-
biome was assessed clearly before the onset of labour, including premature rupture of membranes and other 
labour-associated complications; and in which all participants were followed up until delivery. Studies exclusively 
including high risk pregnancies were excluded to minimize the effects of risk factors apart from the microbiome 
(e.g., only women with prior preterm birth, cervical weakness). Original studies were eligible if they reported the 
risk of preterm birth in at least three CSTs or vaginal microbiome compositions6, with sufficient data to report 
the risk per individual and not per number of samples if multiple samples were collected per woman. The earliest 
pregnancy samples were used for the analysis if feasible. To enable the identification of species without the need 
for culturing, 16S analysis of samples was preferred. Since 16S sequencing techniques have only been available 
recently, only studies published since 2010 were included. As this study is based on aggregated data, we used the 
categorization of preterm and term delivery as reported in each paper, yet if possible, the categorization of the 
World Health Organization was used, defining preterm birth as birth before 37 completed weeks of gestation1.

We excluded intervention studies, cross-sectional studies with sampling after onset of labour, studies only 
investigating specific pathogens or only using culture-dependent or microscopic diagnostic methods. Reviews, 
editorial letters, case reports, conference abstracts, books, book chapters and commentaries were also excluded. 
We did not use language restrictions, to minimize the risk of language bias. No restrictions were used regarding 
the age of the included individuals or the study setting. If two or more studies presented the same cohort or 
overlapping cohorts the most recent study was included or both studies were considered as one study.

All results were reported according to the Preferred Reporting Items for Systematic Reviews and meta-analysis 
(PRISMA) extension for network meta-analysis17.

Information sources and search strategy.  The search was conducted in PubMed, Web of Science, 
Embase and Cochrane Library and was last updated May 2021 (see search strings in Supplementary Table S1). 
The results were uploaded to EndNote X9 for the literature selection. The databases Prospero and Cochrane 
database of systematic reviews were searched to see if there were any ongoing studies on the subject.

The literature selection was conducted by two authors (UG & NB), by first removing all clearly irrelevant 
articles, followed by abstract and finally full text screening based on the eligibility criteria mentioned below.

Data extraction and assessment of risk of bias.  We collected the following data (if available): study 
characteristics (country, setting, study design and period), study population (age range, race/ethnicity, recruit-
ment, and specific inclusion criteria), information on exposure (i.e. factors that may affect the recorded vaginal 
microbiome composition: gestation week of sampling, CST, method of analysis and diversity measurements), 
and outcome characteristics (pregnancy week of birth, spontaneous or induced birth).

The quality of included studies was assessed by a customized checklist by two authors (UG & NB) (see Sup-
plementary Table S2).

Data synthesis.  Data used for the meta-analysis was extracted in double (UG, NB) to ensure quality, and 
meta-analyses were only conducted if at least three studies reported the required data.

We grouped the CSTs into five categories based on the dominating species: L. crispatus, L. gasseri, L. iners, 
“low-lactobacilli” and L. jensenii. “Low-lactobacilli” was defined as an increased diversity of anaerobic or a 
mixture of aerobe and facultative anaerobe bacteria (such as Gardnerella and Prevotella) based on the cut-offs 
and categorization used in the individual studies. CSTs which could not be transformed into these groups were 
omitted from the analysis. If possible, subgroup analyses were conducted based on study design, categorization 
of preterm birth (gestational week, spontaneous or not) and geographic region. These subgroups were chosen 
since spontaneous preterm birth could have different causes than induced preterm birth, and since the vaginal 
microbiome can differ depending on ethnicity/race6.

All analyses were conducted with Stata (MP 14, Stata Corporation), using the metaprop_one18 and network 
packages. The cumulative proportions of “low-lactobacilli” in each study were pooled and weighted using random 
effects models (to incorporate within-studies and between-studies variation)19, including the Freeman-Tukey 
double arcsine transformation to compute the weighted pooled estimate and to perform the back-transformation 
on the pooled estimate18.

To enable direct and indirect comparisons between all CSTs, we used a fixed network meta-analysis approach 
as described earlier8,20. This meta-analysis approach enables comparing different groups (CSTs) in the same 
statistical model in contrast to the classic pairwise meta-analysis only comparing two groups head-to-head.

A network map or network geometry20 was constructed to visualize all network relationships and available 
data on direct and indirect evidence available for the different CSTs, using crude data. The connection lines 
between the different dots indicate that direct information is available in at least one study, with thicker lines 
indicating that more studies report on this association. The larger the dots, the more studies present data on this 
specific CST. To assess if the results obtained by direct comparisons correspond to those obtained by indirect 
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comparisons, the consistency of the models was measured. Large p-values (> 0.05) of the overall test and of the 
individual loop consistency tests imply that the consistency assumption can be accepted, and that this model 
can be used to give reliable assessments of the associations based on the available data. Forest plots were used to 
visualize and summarize the available evidence, presenting odds ratios (OR) and 95% confidence intervals (CI). 
In addition, the different CSTs were ranked depending on increasing risk of the outcomes, presented as relative 
probability which CST provides the “best outcome”, second best outcome, etc. These probability rankings should 
be interpreted with caution in observational settings with unbalanced groups. The number of included studies 
was too low for constructing funnel plots (to assess bias by small study effects).

In addition, average richness and diversity indices of each paper using either Chao1, Evenness (Simpson or 
Pielou) or Shannon index were pooled if sufficient data were available (at least 3 studies with means and standard 
deviations for both term and preterm pregnancies).

Results
Study selection.  Out of 4321 unique articles, 17 cohort studies were included, all published in English 
between 2014 and 2021 (Fig. 1). None of the 79 retrieved studies in other languages were relevant. The number 
of pregnancies per study ranged between 38 and 539, with 8 and 107 preterm births.

The most common exclusion criteria of otherwise eligible studies were the lack of CST grouping of 
results (Supplementary Table S3). In the final selection of studies, seven were excluded because a lack of CST 
grouping11,21–26, all women receiving cervical cerclage27, sampling after signs of labor28, no information regarding 
preterm birth for current pregnancy29, only the use of polymerase chain reaction (PCR) instead of sequencing30 
or multiple CSTs assigned to each woman because of multiple sampling points31.

Study characteristics and quality.  Out of the 17 eligible studies, seven originated from North-Amer-
ica4,5,32–36, three from Europe37–39, two from South-America40,41, three from Asia42–44 and two from Africa45,46. 
Microbiome samples were taken before the third trimester in all studies. Five studies specified that women at 
high-risk of preterm birth were not excluded from the cohort37–39,43,45, while others did not specify the risk 
profiles. Out of the five studies that included high risk women, one study included 29 HIV positive women45, 
one included women diagnosed with preterm prelabour rupture of membranes (PPROM)43 and three included 
unspecified high-risk women37–39.

Preterm birth was defined as birth before 37 completed weeks of gestation for all studies except one, 
where it was defined as before 34 weeks of gestation4. In twelve studies, a healthcare professional took the 
samples4,5,32,37–39,41–46, while the other five had self-sampling33–36,40. Furthermore, all studies except for two 
reported that the onset of preterm birth was spontaneous (Supplementary Table S4)45,46.

All studies used 16S analysis of the microbiome samples, except one which used shotgun sequencing37. 
Among the 16S studies, four hypervariable regions of the 16S molecule were targeted, with most studies targeting 
either the V1-3 or V3-4 hypervariable regions (Supplementary Table S4). The studies reported up to 13 different 
CSTs, which were re-categorized as mentioned above. Shannon diversity index was reported in 15 out of the 17 
studies4,5,32–38,40,42–46, but it varied if mean or median value was used, if standard deviation was reported and if 
the value was reported as number or as figure, so pooling was not feasible. The other diversity measures were 
not reported frequently enough to pool the results.

Synthesis of results.  Among women who delivered preterm, the pooled proportion with “low-lactobacilli” 
was 0.41 (95% CI 0.30–0.53) compared to 0.29 (95% CI 0.20–0.38) of women with term deliveries (Fig. 2).

The network map (Fig. 3) indicates that direct evidence was available for the association between all five CST 
categories (at least eight studies reported on each CST category). The test for inconsistency indicated overall 
consistency (p = 0.77), and so did all loop inconsistency tests (p > 0.05), indicating this method can be used to 
assess the associations between the different CSTs.

The risk of preterm birth was higher among women presenting with “low-lactobacilli” compared to L. crispa-
tus (OR 1.69, 95% CI 1.15–2.49) (Fig. 4). The risk of preterm birth was also high among women with L. jensenii 
compared to L. crispatus (OR 1.68, 95% CI 0.97–2.92), yet these results did not reach statistical significance.

Ranking tests showed that the L. crispatus dominant group was most probable to be the “best” microbiome 
composition, and L. jensenii the most probably the “worst” group considering the association with preterm 
birth (figure not shown).

Subgroup analyses.  Four different subgroup analyses were conducted: (1) Preterm birth defined < 37 weeks 
(excluding the one study only including early preterm birth)5,32–34,36–46, (2) Clear spontaneous preterm 
birth4,5,32–34,36–44, (3) Region North-America and Europe4,5,32–39 and (4) Region South-America, Asia and 
Africa40–46 (Table 1). These subgroup analyses showed consistent results with the overall analysis, although the 
analyses for preterm birth as < 37 weeks had insufficient power (Table 1).

Discussion
This network meta-analysis suggests that women with a “low-lactobacilli” vaginal microbiome composition 
were at higher risk of preterm birth (spontaneous and overall) compared to women with L. crispatus dominant 
microbiome compositions.

Our systematic review and network meta-analysis is the first of its kind, since only one meta-analysis had 
previously been done on this subject, which used individual level sequencing data16. We chose CSTs over indi-
vidual sequencing data because there can be a lack of open access to the data leading to selection bias of studies, 
and updating the recently published individual patient data meta-analysis would not have contributed any new 
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information to the field. Furthermore, CSTs are more complimentary to the current knowledge, and although 
not ideal, are good for clinical uses and for identifying targets for future developments. Therefore, we see both 
meta-analysis approaches as complementary. Although we also had to exclude six otherwise eligible studies 
because CSTs were not reported, we were able to include 17 studies, compared to the six studies of the previous 
meta-analysis16 (only one study in common4). Authors of the excluded papers were contacted for data but never 
replied. As mentioned above, heterogeneity of methods may propose problems and decrease the number of stud-
ies which can be included in individual patient data meta-analyses. Nonetheless, by using CST categorization we 

Figure 1.   PRISMA flowchart of selection of articles included in the network meta-analysis.
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were able to compare five different groups (CSTs) to each other in this network approach, instead of just using two 
groups as is common in classic meta-analyses. The use of CSTs was first described in a small cohort study from 
20106 and has been widely used despite its challenges and limitations47,48, but it is currently the best option in the 
field to categorize vaginal microbiome compositions. Many of the included studies used an adapted form of the 
original CSTs, using a range from 3 to 13 groups. Most common were subgroups of the diverse non-lactobacilli 
dominant group, but there was not enough uniformity between those in the studies to use subgrouping for this 
analysis. Despite these factors, our inconsistency tests gave robust results showing that the method is stable 
enough to use the results.

When comparing microbiome studies, there are always many factors that can influence the results, such as 
the sample collection, extraction methods and hypervariable region used when sequencing13. The motivation 
for hypervariable region selection varies, with emphasis placed on universality or specificity. The V4 hypervari-
able region is more conserved among Lactobacillus species, making species-level assignments more uncertain. 
In contrast, the long amplicons generated by the V1-V3 hypervariable region can be challenging for short-read 
technologies49.

Figure 2.   Forest plots showing all 17 included studies and the pooled and weighted proportion of “low-
lactobacilli” women who delivered (a) preterm and (b) at term.

Figure 3.   Network map of all 17 included studies by vaginal microbiome composition, showing how many 
studies reported which community state types (CSTs). Legend: Each dot represents a CST, with the number 
indicating how many studies reported it. The lines between the blue dots and their thickness represent the 
number of studies which reported the CSTs joined by the line.
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Different studies may also have different cut-off levels for what defines a “dominant” group, and that cut-off 
is seldom specified. Furthermore, in the included studies the social or physical underlying risk of preterm birth 
of the women was not always well-defined or incorporated in the analyses.

Our results are consistent with the previously conducted meta-analysis16, which showed that women that 
delivered preterm had higher diversity in their vaginal microbiome, which is associated with the “low-lactobacilli” 
CST. The reviews on this subject also agree that even though current studies are not all consistent, it seems that 
overall L. crispatus is protective and a “low-lactobacilli” microbiome might increase the risk of spontaneous 
preterm birth2,12,15. Furthermore, as many of the included studies were published after the systematic-review of 
the topic15, better methods and technologies might account for why more studies are now finding association 
between the microbiome and PTB. Yet, several of the included studies were still hampered by low sample sizes, 
methodological heterogeneity and selection bias (as seen by the unrepresentatively high proportions of preterm 
birth cases in some studies).

The “low-lactobacilli” group includes bacterial species such as Gardnerella and Prevotella, both of which are 
known to promote proinflammatory cytokines and are commonly found in the vaginal microbiome just before 
PPROM12. It is therefore not surprising that they may have an impact on the maternal immune response and 
play a part in inducing preterm birth.

These results are important for the possible prediction and prevention of preterm birth which remains an 
important problem today. Yet, further longitudinal studies are needed to incorporate potential natural changes 
in the vaginal microbiome during pregnancy4, and to better understand the pathophysiological mechanisms 
underlying these apparent different risk profiles.

Conclusion
To conclude, the diversity of the vaginal microbiome seems to play a part in the risk of preterm birth, where 
women with low abundance of lactobacilli were at greater risk of delivering preterm compared to women with 
L. crispatus dominant microbiome.

Table 1.   Subgroup analysis by definitions of preterm birth, geographical region and if all cases of preterm 
birth were clearly spontaneous. *Results comparing “low-lactobacilli” to other lactobacilli may be less reliable 
in the network meta-analysis (low power).

Subgroup

Number of deliveries Proportion "Low-lactobacilli" Odds ratio (95% confidence interval)

N preterm N term

% among preterm 
(95% confidence 
interval)

% among term 
(95% confidence 
interval)

p-value overall 
consistency

p-values "loop 
inconsistencies"

L. crispatus 
(reference) L. gasseri L. iners “Low-lactobacilli” L. jensenii Studies included N studies

Overall 570 1962 0.41 (0.30, 0.53) 0.29 (0.20, 0.38) 0.7739 all > 0.05 1.00
1.10 (0.63, 
1.92)

1.28 (0.88,1.86) 1.69 (1.15, 2.49)
1.68 (0.97, 
2.92)

4, 5, 32–46 17

Preterm < 37 weeks 552 1890 0.42 (0.30, 0.55) 0.29 (0.20, 0.39) 0.6065 Some loop inconsistencies* 1.00
1.13 (0.64, 
2.01)

1.33 (0.90, 1.98) 1.76 (1.16, 2.65)
1.73 (0.98, 
3.07)

5, 32–46 16

Clear spontaneous preterm 
birth

520 1733 0.38 (0.26, 0.51) 0.29 (0.20, 0.39) 0.9528 all > 0.05 1.00
1.17 (0.67, 
2.04)

1.37 (0.94, 2.01) 1.76 (1.19, 2.61)
1.68 (0.96, 
2.95)

4, 5, 32–44 15

Europe and N-America 392 1422 0.31 (0.19, 0.44) 0.26 (0.17, 0.36) 0.6524 all > 0.05 1.00
1.08 (0.63, 
1.87)

1.29 (0.86, 1.94) 1.53 (1.03, 2.26)
1.55 (0.90, 
2.67)

4, 5, 32–39 10

Africa, Asia and S-America 178 540 0.57 (0.36, 0.77) 0.33 (0.16, 0.52) 0.8053 all > 0.05 1.00
0.77 (0.09, 
6.38)

1.11 (0.45, 2.78) 2.17 (0.86, 5.44)
2.67 (0.29, 
24.83)

40–46 7

Figure 4.   Forest plots comparing community state types (CSTs) and their risk of preterm birth using (a) 
Lactobacillus crispatus and (b) “Low-lactobacilli” as reference group, where an odds ratio (OR) > 1.00 indicates 
association with preterm birth.
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Data availability
All data is available from the included articles and in the Supplement.
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