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Abstract

Objective

To evaluate maternal serum C-reactive protein (CRP) concentrations in pregnancies com-

plicated by preterm prelabor rupture of membranes (PPROM) in relation to the presence of

microbial invasion of the amniotic cavity (MIAC) and/or intra-amniotic inflammation (IAI).

Methods

Two hundred and eighty-seven women with singleton pregnancies complicated by PPROM

between 2014 and 2016 were included in this study. Maternal blood and amniotic fluid sam-

ples were collected at the time of admission. Maternal serum CRP concentration was mea-

sured using a high-sensitivity immunoturbidimetric assay. Interleukin-6 (IL-6) concentration

was measured using a point-of-care test. MIAC was diagnosed based on a positive polymer-

ase chain reaction result for Ureaplasma species, Mycoplasma hominis, and/or Chlamydia

trachomatis and for the 16S rRNA gene. IAI was characterized by an amniotic fluid IL-6 con-

centration of� 745 pg/mL.

Result

Women with MIAC and IAI had higher maternal serum CRP concentrations than did women

without (with MIAC: median 6.9 mg/L vs. without MIAC: median 4.9 mg/L; p = 0.02; with IAI:

median 8.6 mg/L vs. without IAI: median 4.7 mg/L; p < 0.0001). When women were split into

four subgroups based on the presence of MIAC and/or IAI, women with the presence of

both MIAC and IAI had higher maternal serum CRP than did women with IAI alone, with

MIAC alone, and women without MIAC and IAI (both MIAC and IAI: median: 13.1 mg/L; IAI
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alone: 6.0 mg/L; MIAC alone: 3.9 mg/L; and without MIAC and IAI: median 4.8 mg/L;

p < 0.0001). The maternal serum CRP cutoff value of 17.5 mg/L was the best level to identify

the presence of both MIAC and IAI, with sensitivity of 47%, specificity of 96%, positive pre-

dictive value of 42%, negative predictive value of 96%, and the positive likelihood ratio of

10.9.

Conclusion

The presence of both MIAC and IAI was associated with the highest maternal serum CRP

concentrations. Maternal serum CRP concentration in women with PPROM at the time of

admission can rule out the presence of the combined condition of both MIAC and IAI, there-

fore, it may serve as a non-invasive screening tool to distinguish between women with

PPROM who are at high or at low risk for the presence of both MIAC and IAI.

Introduction

Preterm prelabor rupture of membranes (PPROM) is characterized by the rupture of fetal

membranes with leakage of amniotic fluid before spontaneous onset of regular uterine con-

tractions prior to 37 weeks of gestation. PPROM complicates approximately 2–4% of all preg-

nancies [1, 2]. In spite of growing knowledge about the etiologies of PPROM, this pregnancy

complications remains a challenge for obstetricians, owing to the limited possibility of predict-

ing and preventing the condition. Thus, PPROM still represents a serious problem in contem-

porary obstetrics.

Pregnancies with PPROM are often complicated by adverse intra-amniotic conditions such

as microbial-invasion of the amniotic cavity (MIAC) and intra-amniotic inflammation (IAI)

[3–6]. MIAC and IAI are found in approximately 40–60% and 25–58% of all pregnancies with

PPROM, respectively [4, 5]. The presence of these complications is associated with worse out-

comes such as shorter latency and higher rates of histological chorioamnionitis or funisitis [3,

4, 7]. Several authors have suggested that gestational age at delivery but not the presence of

these infection-related and inflammatory complications affect short-term neonatal outcomes

[5, 8, 9]. In contrast, longer exposure to a hostile environment has been shown to be related to

worse neonatal outcomes [10, 11]. To address whether MIAC and IAI really affect the fetuses,

data regarding these conditions and long-term outcome are needed.

C-reactive protein (CRP) is an acute phase protein produced and released in the circulation

in response to infection and tissue damage [12, 13]. CRP belongs to a family of the proteins

that act as soluble pattern recognition molecules [14, 15]. These proteins are able to bind

directly to microorganisms to enhance their uptake by macrophages and neutrophils [13]. In

addition, CRP is able to activate the complement system [13–15].

In many countries, maternal serum CRP is still considered the gold standard for non-inva-

sive identification of infection-related intra-amniotic complications in PPROM, despite that

results from two meta-analyses revealing that maternal serum CRP was not a useful predictor

of histological chorioamnionitis (HCA) [16, 17]. Our group has recently published a report on

about maternal serum CRP concentrations at the time of admission in the subgroup of women

with MIAC and/or HCA [18]. The presence of both MIAC and HCA has been shown to be

related to the highest maternal serum CRP concentrations; however, CRP had poor the diag-

nostic indices to identify this subgroup of PPROM [18].

CRP and intra-amniotic inflammation in PPROM
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Since expectant management of PPROM less then 34 weeks of gestational age is broadly

recommended, the placental results cannot be correlated with amniotic fluid results due to

the long latency between sampling and delivery [19]. From this point of view, subgroups

of women with PPROM divided by the presence of MIAC and/or IAI, as suggested by

Romero et al.’s study, more appropriately reflect a real situation [4]. Given this subdivision

of women with PPROM, there is a shortage of information regarding the intensity of mater-

nal inflammatory response, measured by maternal serum CRP concentrations, in these spe-

cific subgroups.

Therefore, the main aim of this study was to determine maternal serum CRP concentra-

tions in women with and without MIAC and IAI. The second aim was to characterize maternal

serum CRP concentrations in four subgroups of women with PPROM subdivided on the basis

of the presence of MIAC and/or IAI. The last aim of this study was to assess the association

between maternal serum CRP and amniotic fluid IL-6 concentrations.

Materials and methods

A prospective cohort study was conducted between January 2014 and December 2016.

Women admitted to the Department of Obstetrics and Gynecology, University Hospital in

Hradec Kralove, The Czech Republic were recruited if they had pregnancies complicated by

PPROM between gestational ages 24+0 and 36+6 weeks. Only women aged at least 18 years

and older with a singleton pregnancy were eligible for the study. Women with any medical

complications (e.g., hypertension, preeclampsia, diabetes mellitus, and thyroid disease), fetal

growth restriction, gross vaginal bleeding, signs of fetal hypoxia, and structural malformations

or chromosomal abnormalities of the fetus were excluded from the study. Gestational age was

established for all pregnancies based on first-trimester ultrasonography.

PPROM was defined as the leakage of amniotic fluid prior to the onset of labor and was

diagnosed visually by using a sterile speculum examination to confirm the pooling of amniotic

fluid in the vagina. In case of clinical doubt, PPROM was confirmed by the presence of insu-

lin-like growth factor–binding protein (ACTIM PROM test; Medix Biochemica, Kauniainen,

Finland) in the vaginal fluid.

Women with PPROM at less than 34 weeks of gestation were treated with tocolytics for 48

hours, antibiotics, and corticosteroids to accelerate lung maturation. The performance of

transabdominal amniocentesis and the evaluation of amniotic fluid samples is a routine part

of the clinical management of women with PPROM at our department. Amniotic fluid

samples are evaluated for the presence of MIAC and/or IAI. The information about the pres-

ence of MIAC and IAI, when available, is used for the clinical management of women with

PPROM. Women with both proven MIAC and IAI beyond 28 gestational weeks were actively

managed (labor was induced or an elective caesarean section was performed after finalizing

corticosteroid treatment within 72 hours of membrane rupture for pregnancies before 34

weeks gestational age, and within 24 hours of membrane rupture for those beyond 34 weeks).

The remaining women with PPROM were managed expectantly. Women with PPROM

beyond 34 weeks of gestation were treated with antibiotics alone [20].

This study’s protocol was approved by the Ethics Committee of University Hospital in Hra-

dec Kralove, the Czech Republic (March 19, 2008; No. 200804 SO1P, and renewed in July,

2014; decision No. 201407 S14P), and written informed consent was obtained from all the

participants.

Amniotic and vaginal fluid samples from this cohort of women have been used in our previ-

ously published studies [20, 21]. This cohort of women is completely different than the cohort

of women used in our previous CRP report [18].
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Maternal blood amniotic fluid sampling

In all women, the maternal blood and amniotic fluid samples were collected at the time of

admission (maternal blood first, followed by amniotic fluid) prior to the administration of cor-

ticosteroids, antibiotics, or tocolytics. Maternal blood sample was obtained by venipuncture of

the cubital vein, and was sent to the laboratory immediately following sampling. Ultrasonogra-

phy-guided transabdominal amniocentesis was carried out, and approximately 5 mL of amni-

otic fluid was aspirated, and a tube with uncentrifuged amniotic fluid was transported to the

laboratory for DNA isolation; detection of Ureaplasma spp., Mycoplasma hominis, Chlamydia
trachomatis using polymerase chain reaction (PCR); and 16S rRNA gene sequencing.

Maternal serum CRP analysis

Maternal serum CRP was measured using a high-sensitivity immunoturbidimetric assay

(Modular RR analyzer, Roche, Basel, Switzerland). The sensitivity of the method was 0.3 mg/L.

Amniotic fluid IL-6 concentrations

The amniotic fluid IL-6 concentrations were assessed by the Milenia QuickLine IL-6 lateral-

flow immunoassay using the Milenia POCScan Reader (Milenia Biotec, GmbH, Giessen, Ger-

many). The measurement range was 50–10,000 pg/mL. The intra-assay and interassay coeffi-

cients of variation were 12.1% and 15.5%, respectively [22].

Detection of Ureaplasma species, M. hominis, and C. trachomatis

DNA was isolated from the amniotic fluid with a QIAamp DNA Mini Kit (Qiagen, Hilden,

Germany) according to the manufacturer’s instructions (using the protocol for isolating bacte-

rial DNA from biological fluids). Real-time PCR was conducted on a Rotor-Gene 6000 instru-

ment (Qiagen) with the commercial kit AmpliSens1C. trachomatis/Ureaplasma/M. hominis-
FRT (Federal State Institution of Science, Central Research Institute of Epidemiology, Mos-

cow, Russia) to detect the DNA of Ureaplasma species, M. hominis, and C. trachomatis in the

same PCR tube. As a control, we included a PCR for β-actin, a housekeeping gene, to examine

for the presence of PCR inhibitors [20].

Detection of other bacteria in the amniotic fluid

Bacterial DNA was identified by PCR targeting the 16S rRNA gene with the following primers:

50-CCAGACTCCTACGGGAGGCAG-30 (V3 region), 50-ACATTTCACAACACGAGCTGACGA-30

(V6 region) [23, 24]. Each reaction contained 3 μL of target DNA, 500 nM forward and reverse

primers, and Q5 High-Fidelity DNA polymerase (NEB, Ipswich, MA, USA) in a total volume

of 25 μL. Amplification was performed on a 2720 Thermal Cycler (Applied Biosystems, Foster

City, CA, USA). The products were visualized on an agarose gel. Positive reactions yielded

amplicons of 950 bp, which were subsequently analyzed by sequencing. The PCR products

from 16S rRNA were cleaned and used in sequencing PCR reactions with the above primers

and the BigDye Terminator kit, v3.1 (Thermo Fisher Scientific). The bacteria were then typed

using the sequences obtained in BLAST1 and SepsiTest™ BLAST.

Diagnosis of MIAC

MIAC was diagnosed based on a positive PCR result for Ureaplasma species, M. hominis, and/

or C. trachomatis and/or by positivity of the 16S rRNA gene.

CRP and intra-amniotic inflammation in PPROM
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Diagnosis of IAI

IAI in pregnancies with PPROM was defined as bedside amniotic fluid IL-6 concentrations�

745 pg/mL [25, 26]. Women were subdivided into four groups based on the presence of MIAC

and/or IAI: presence of both MIAC and IAI (microbial-associated IAI), IAI alone(sterile IAI),

MIAC alone (colonization), and absence of both MIAC and IAI.

Statistical analyses

The demographic and clinical characteristics were compared by the nonparametric Mann-

Whitney U test for continuous variables and are presented as median values (range). Categori-

cal variables were compared using a Fisher’s exact test and are presented as numbers (%).

Maternal serum CRP concentrations were compared by either the Mann-Whitney U test or

Kruskal-Wallis test with post hoc Dunn’s analysis, as appropriate, and presented as median val-

ues [interquartile range (IQR)]. Spearman’s partial correlation was used to adjust the results

for potential confounders [gestational age, parity, and body mass index (BMI)]. To identify

an association between amniotic fluid IL-6 concentrations and maternal serum CRP concen-

trations, the Spearman correlations were used. Differences were considered significant at

p< 0.05. All p values were obtained in two-sided tests, and all statistical analyses were per-

formed in the GraphPad Prism 6 software for Mac OS X (GraphPad Software, San Diego, CA,

USA) or the SPSS 19.0 statistical package for Mac OS X (SPSS Inc., Chicago, IL, USA).

Results

Demographic and clinical characteristics of the study population

In total, 314 women with singleton pregnancy complicated by PPROM were admitted with the

diagnosis of PPROM during the study period. Three women were not recruited because an

amniotic fluid sampling was not performed (amniocentesis failed in two women due to anhy-

dramnios and one women delivered before the time of amniocentesis). Therefore, 313 women

with PPROM were included in the study. Eight women were excluded because of gestational

diabetes mellitus, five for early-onset fetal growth restriction, three because of preeclampsia,

two because of pregestational diabetes mellitus, two because of chronic hypertension, two

because of gestational hypertension, one because of severe bleeding due to partial placental

abruption, and one because of fetal trisomy 21. A total of 287 women were included in the

final analyses (Fig 1).

The presence of MIAC and IAI were found in 24% (69/287) and 20% (57/287) of women,

respectively. The prevalence of the presence of both MIAC and IAI, IAI alone, and MIAC

alone was 13% (36/287), 7% (21/287), and 11% (33/287), respectively. In addition, 69% (197/

287) of women did not have both MIAC and IAI. The demographic and clinical characteristics

of these women are shown in Table 1. The most common bacteria identified in the amniotic

fluid were Ureaplasma spp., which was identified in 16% (46/287) of the women with PPROM.

All microbial findings in amniotic fluid are presented in Table 2. All the women were self-

reported Caucasians.

Maternal serum CRP concentrations based on the presence of MIAC

Women with MIAC had higher maternal serum CRP concentrations than women without

MIAC in crude analysis (with MIAC: median 6.9 mg/L, IQR: 3.0–16.1 vs. without MIAC:

median 4.9 mg/L, IQR: 2.4–7.8; p = 0.02), as well as after adjustment for gestational age at sam-

pling, parity, and BMI (p< 0.0001). A cutoff value of 7.9 mg/L was identified as optimal for

the identification of MIAC with a sensitivity of 49% (34/69; 95% confidence interval [CI]:

CRP and intra-amniotic inflammation in PPROM
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37–62%), specificity of 71% (154/218; 95% CI: 64–77%), positive predictive value of 35% (34/

98; 95% CI: 25–45%), negative predictive value of 81% (154/189; 95% CI: 75–87%), positive

likelihood ratio of 1.7 (95% CI: 1.2–2.3), and negative likelihood ratio of 0.7 (95% CI: 0.6–0.9),

area under the receiver operating characteristic curve of 60% (95% CI: 51–68%).

Maternal serum CRP concentrations based on the presence of IAI

Women with IAI had higher maternal serum CRP concentrations than women without IAI in

crude analysis (with IAI: median 8.6 mg/L, IQR: 4.6–26.2 vs. without IAI: median 4.7 mg/L,

IQR: 2.3–7.8; p< 0.0001), as well as after adjustment for gestational age at sampling, parity,

and BMI (p< 0.0001). The maternal serum CRP cutoff value of 8.6 mg/L was found to be the

most effective at identifying MIAC a, with sensitivity of 51% [29/57; 95% CI 37–64%] specific-

ity of 82% (189/230; 95% CI 77–87%), positive predictive value of 41% (29/70; 95% CI 30–

54%), negative predictive value of 87% (28/189; 95% CI 82–91%), positive likelihood ratio of

2.9 (95% CI 2.0–4.2), negative likelihood ratio of 0.6 (95% CI 0.5–0.8), odds ratio of 4.8 (95%

CI 2.6–8.9), and area under the receiver operating characteristic curve of 0.70 (95% CI 0.61–

0.79; p< 0.0001).

Fig 1. Flow diagram describing the selection of women.

https://doi.org/10.1371/journal.pone.0182731.g001
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Table 1. Demographic and clinical characteristics of the women with PPROM with respect to the presence and the absence of MIAC and IAI.

Characteristic With MIAC (n = 69) Without MIAC (n = 218) p-value1 With IAI (n = 57) Without IAI (n = 230) p-value2

Maternal age [years, median (range)] 31 (20–42) 31 (18–43) 0.22 31 (21–43) 31 (18–43) 0.59

Primiparous [number (%)] 32 (46%) 113 (52%) 0.49 29 (51%) 116 (50%) 1.00

Prepregnancy body mass index [kg/m2, median (range)] 22.3 (16.8–36.4) 22.3 (17.8–57.0) 0.16 23.6 (17.1–38.7) 22.4 (16.8–57.0) 0.76

Smoking [number (%)] 21 (30%) 18 (8%) < 0.0001 17 (30%) 18 (8%) < 0.0001

Gestational age at admission [weeks, median (range)] 33+4 (24+0–36+5) 34+1 (24+0–36+6) 0.14 31+3 (24+0–36+6) 34+3 (24+0–36+5) <0.0001

Gestational age at delivery [weeks, median (range)] 33+5 (25+0–36+5) 34+3 (24+0–37+1) 0.07 31+4 (24+0–37+0) 34+4 (24+0–37+1) <0.0001

Interval from PPROM to amniocentesis [hours, median

(range)]

5 (1–575) 5 (1–600) 0.78 5 (1–575) 5 (1–600) 0.47

Latency from amniocentesis to delivery [hours, median

(range)]

45 (4–624) 40 (4–768) 0.99 63 (4–768) 36 (4–768) 0.04

Amniotic fluid IL-6 concentrations [pg/mL, median

(range)]

831 (50–10000) 225 (36–10000) <0.0001 3588 (747–10000) 209 (36–725) <0.0001

CRP levels at admission [mg/L, median (range)] 6.9 (0.4–113.0) 4.9 (0.1–59.1) 0.02 8.6 (0.6–113.0) 4.7 (0.1–17.0) <0.0001

WBC count at admission [x109 L, median (range)] 12.8 (6.8–29.1) 12.1 (6.1–26.5) 0.04 13.8 (9.1–29.1) 12.1 (6.1–26.5) <0.0001

Administration of antibiotics [number (%)] 67 (97%) 213 (98%) 0.68 55 (96%) 225 (98%) 0.63

Administration of corticosteroids [number (%)] 51 (74%) 172 (79%) 0.41 47 (82%) 176 (77%) 0.38

Spontaneous vaginal delivery [number (%)] 52 (75%) 156 (72%) 0.64 40 (70%) 168 (73%) 0.74

Forceps delivery [number (%)] 1 (1%) 2 (1%) 0.56 0 (0%) 3 (1%) 1.00

Cesarean delivery [number (%)] 16 (23%) 60 (28%) 0.53 17 (30%) 69 (26) 0.51

Birth weight [grams, median (range)] 1980 (700–3540) 2260 (690–3670) 0.10 1580 (690–3540) 2300 (700–3670) <0.0001

Apgar score <7; 5 minutes [number (%)] 3 (4%) 4 (2%) 0.36 3 (5%) 4 (2%) 0.14

Apgar score <7; 10 minutes [number (%)] 1 (1%) 3 (2%) 1.00 2 (4%) 2 (1%) 0.18

Abbreviations: PPROM: preterm prelabor rupture of membranes. MIAC: microbial invasion of the amniotic cavity. IAI: intraamniotic inflammation. CRP: C-

reactive protein. WBC: white blood cells. IL: interleukin. Continuous variables were compared using a nonparametric Mann-Whitney U test. Categorical

variables were compared using Fisher’s exact test. Statistically significant results are marked in bold. Continuous variables are presented as median

(range) and categorical as number (%). p-value1: the comparison between women with and without MIAC. p-value2: the comparison between women with

and without IAI

https://doi.org/10.1371/journal.pone.0182731.t001

Table 2. The bacterial species identified in the amniotic fluid of women with PPROM.

Women with MIAC and IAI (n = 36) Women with MIAC alone (n = 24)

Ureaplasma spp. 19x Ureaplasma spp. 23x

Ureaplasma spp. + Mycoplasma hominis 1x Mycoplasma hominis 1x

Ureaplasma spp. + Sneathia sanguinegens 1x Chlamydia trachomatis 1x

Ureaplasma spp. + Veilonella spp. 1x Enterococcus faecalis + Streptococcus salivarius

1x

Ureaplasma spp. + Enterococcus faecium 1x Propionibacterium acnes 2x

Streptococcus agalactiae 2x Streptococcus pneumoniae1x

Fusobacterium nucleatum 2x Streptococcus intermedius 1x

Streptococcus agalactiae + Streptococcus anginosus

1x

Streptococcus warneri 1x

Streptococcus intermedius 1x Gardnerella vaginalis 1x

Streptococcus spp. 1x

Sneathia sanguinegens 1x

Peptoniphilus species 1x

Haemophilus influenzae 1x

Chlamydia trachomatis 1x

Candida albicans 1x

Bacteria non-identifiable by sequencing 1x

https://doi.org/10.1371/journal.pone.0182731.t002
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Maternal serum CRP concentrations based on the presence of MIAC

and/or IAI

Differences in maternal serum CRP concentrations were found among the four subgroups of

women with PPROM based on the presence of MIAC and/or IAI (p< 0.0001) in crude analy-

sis, as well as after adjustment for gestational age (p< 0.0001). Women with both MIAC and

IAI had higher maternal serum CRP concentrations than women with IAI alone, MIAC alone,

and those without MIAC and IAI in crude analysis (both MIAC and IAI: median: 13.1 mg/L,

IQR 4.9–38.2; IAI alone: 6.0 mg/L, IQR 2.4–8.5; p = 0.002; MIAC alone: 3.9 mg/L, IQR 1.5–

7.2; p< 0.0001; and without MIAC and IAI: median 4.8 mg/L, IQR 2.4–7.8; p< 0.0001; Fig 2),

as well as after adjustment for gestational age at sampling, parity and BMI (IAI alone: p = 0.01;

MIAC alone: p = 0.003; without MIAC and IAI: p< 0.0001). No differences in maternal serum

CRP concentrations were detected among women with IAI alone, MIAC alone, and without

MIAC and IAI (IAI alone vs. MIAC alone: p = 0.15; IAI alone vs. without MIAC and IAI:

p = 0.52; MIAC alone vs. without MIAC and IAI: p = 0.10; Fig 3). The maternal serum CRP

cutoff value of 17.5 mg/L was found to be the most effective at identifying both MIAC and IAI,

with sensitivity of 47% [17/36; 95% confidence interval (CI) 32–63%] specificity of 96% (220/

230; 95% CI 76–90%), positive predictive value of 42% (17/27; 95% CI 25–60%), negative pre-

dictive value of 96% (10/239; 95% CI 90–99%), positive likelihood ratio of 10.9 (95% CI 5.4–

21.8), negative likelihood ratio of 0.6 (95% CI 0.4–0.8), odds ratio of 19.8 (95% CI 7.9–48.9),

and area under the receiver operating characteristic curve of 0.78 (95% CI 0.68–0.87;

p< 0.0001; Fig 4).

Amniotic fluid IL-6 concentrations and maternal serum CRP

concentrations

A weak positive correlation was identified between amniotic fluid IL-6 concentrations and

maternal serum CRP concentrations (rho = 0.28, p< 0.0001; Fig 5).

Discussion

Maternal serum CRP concentration is among the most commonly used clinical non-invasive

markers to predict infectious-related and inflammatory complications in women with

PPROM, in spite of the absence of strong evidence for its use in relation to these indications

[16, 17]. However, there is a gap in knowledge, whether maternal serum CRP concentrations

differs among women PPROM divided in the subgroups based on the presence and absence of

MIAC and/or IAI.

In this study, we would like to bridge this gap in knowledge, and the following are the key

findings of the present study: i) higher maternal serum CRP concentrations were associated

with the presence of MIAC; ii) higher maternal serum CRP concentrations were associated

with the presence of IAI; iii) the highest maternal serum CRP concentrations were found in

women with both MIAC and IAI; iv) maternal serum CRP cutoff value of 17.5 mg/L was

found to be most effective at identifying women with the presence of both MIAC and IAI;

and v) maternal serum CRP concentrations weakly correlated with amniotic fluid IL-6

concentrations.

The pioneering papers regarding the associations between maternal serum CRP concentra-

tion and infectious-related and inflammatory complications, mainly clinical and histological

chorioamnionitis, in PPROM have been published in nineties’ of the last century [27–29].

Nevertheless, the first paper to report on maternal serum CRP concentration and MIAC in

PPROM was published by Romero’s group in 1996, which reported higher maternal serum
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Fig 2. Maternal serum C-reactive protein concentrations in PPROM pregnancies complicated by the presence of

MIAC and/or IAI. Women with both MIAC and IAI had higher maternal serum C-reactive protein concentrations than did

women in other subgroups. Abbreviations: MIAC, microbial invasion of the amniotic cavity; IAI, intra-amniotic inflammation.

https://doi.org/10.1371/journal.pone.0182731.g002
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Fig 3. Maternal serum C-reactive protein concentrations in PPROM pregnancies complicated by the presence of

MIAC and/or IAI. No differences were found among women with IAI alone, MIAC alone, and women without MIAC and IAI.

Abbreviations: MIAC, microbial invasion of the amniotic cavity; IAI, intra-amniotic inflammation.

https://doi.org/10.1371/journal.pone.0182731.g003
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CRP concentration in women with MIAC [30]. This finding was confirmed by several other

studies [18, 31], however, the recent study by Cobo et al. did not show any differences in

maternal serum CRP concentration between women with and without MIAC [32]. Our results

from this relatively large cohort of women with PPROM supported the finding that the

Fig 4. Maternal serum C-reactive protein concentrations with respect to the presence or absence of both MIAC and IAI. A receiver

operating characteristic curve for the presence of both MIAC and IAI (area under the curve is 0.78 for IL-6 cutoff value > 17.5 mg/L; p < 0.0001).

Abbreviations: MIAC, microbial invasion of the amniotic cavity; IAI, intra-amniotic inflammation.

https://doi.org/10.1371/journal.pone.0182731.g004
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presence of MIAC is associated with higher maternal serum CRP concentrations. However,

maternal serum CRP concentration is a poor predictor of the occurrence of MIAC.

Amniotic fluid IL-6 and matrix metalloproteinase 8 have been traditionally considered as

the markers for the identification of IAI [7, 33–35]. Since obstetricians managing women with

PPROM urgently require these results to assist in their decision-making process, point-of-care

Fig 5. A correlation between maternal serum C-reactive protein and amniotic fluid IL-6 concentrations.

https://doi.org/10.1371/journal.pone.0182731.g005
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versions of these tests have been used in clinical practice [26, 36, 37]. Given that the cutoff

value for IAI in point-of-care test for amniotic fluid IL-6 concentration was 745 pg/mL, we

found that women with the presence of IAI had higher maternal serum CRP concentrations

than women without IAI. These results were in keeping with the findings of Park et al., in spite

of the fact that their definition of IAI was slightly different than ours; Park et al. defined the

presence of MIAC and/or amniotic fluid IL-6 concentration as measured by ELISA� 2600

pg/mL [31]. In our study, we have found that maternal serum CRP has limited diagnostic indi-

ces to identify the presence of IAI.

In our previous cohort of women with PPROM, we showed that women with both MIAC

and HCA had the highest maternal serum CRP concentrations [18]. Likewise, when women

from this cohort were split into four subgroups based on the presence and/or absence of

MIAC and IAI, the subgroup with the presence of both MIAC and IAI had the highest mater-

nal serum CRP concentrations. This indicated that the presence of both MIAC and IAI led to

the highest maternal inflammatory response. This finding was especially interesting as IAI has

been known to be associated with the highest fetal inflammatory response, independent of the

presence or absence of MIAC. This means that the microbial origin of IAI is important for the

inflammatory response in intra-amniotic and maternal, but not in fetal, compartments [5, 38].

Several studies have suggested maternal serum CRP concentration of 8 mg/L as a cutoff

value for infection-related complications such chorioamnionitis, funisitis, and early-onset sep-

sis [39–41]. This cutoff has been considered valuable for its negative predictive value. In this

study, we found that a maternal serum CRP cutoff value of 17.5 mg/L was ideal to identify the

presence of both MIAC and IAI. This cutoff value had a very good specificity and negative pre-

dictive value. However, this cutoff value reached an AUC of 78%, which should be considered

as just fair. In contrast, it is important to mention that our recently suggested cervical fluid IL-

6 cutoff value of 500 mg/mL for the identification of both MIAC and IAI achieved the same

AUC. Therefore, maternal serum CRP concentration should be still considered as a potentially

non-invasive marker to identify, or mainly rule out, specific PPROM complications.

IL-6 is believed to be the primary trigger of CRP release [12, 14]. Based on this association,

we decided to evaluate the correlation between amniotic fluid IL-6 and maternal serum CRP

concentrations. Despite the fact that these markers were assessed in the different compart-

ments a weak positive correlation was found.

A strong point of this study is the fact that only women with a clearly defined, specific phe-

notype of spontaneous preterm delivery (PPROM) were included. Second, maternal serum

and amniotic fluid samples were obtained simultaneously at the time of admission. Therefore,

the maternal CRP concentrations were compared with the conditions reflecting actual amni-

otic fluid status. Third, since maternal serum CRP concentrations have been shown to be influ-

enced by the gestational age at sampling, parity, and BMI, the results were adjusted for these

potential confounders. Another strength of this study was the relatively large cohort of women

with PPROM. Several limitations of this study should be acknowledged. First, while this study

focused on the association between a single measurement of maternal CRP concentrations at

the time of admission and infection-related and inflammatory intra-amniotic complications, it

did not take into consideration the trend of CRP concentrations during latency. Second, we

used a non-cultivation-based technique to detect amniotic fluid microorganisms in this study.

Previously, DiGuilio et al. reported that in some cases with PPROM, some bacteria may be

revealed by cultivation, even in the absence of 16S rRNA[3]. Therefore, we cannot rule out

that the microbial-associated IAI and colonization groups might be underestimated, while the

groups with sterile IAI and without both MIAC and IAI might be overestimated. Third, we

did not evaluate amniotic fluid CRP concentrations to determine whether there was an associ-

ation between maternal and amniotic fluid CRP concentrations.

CRP and intra-amniotic inflammation in PPROM
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In conclusion, maternal serum CRP at the time of admission can rule out the presence of

both MIAC and IAI, therefore, it may serve as a non-invasive screening tool to distinguish

between women with PPROM who are at high or at low risk for the presence of both MIAC

and IAI.

Supporting information

S1 Dataset.

(XLSX)

Author Contributions

Conceptualization: Ivana Musilova, Marian Kacerovsky, Martin Stepan, Tomas Bestvina,

Lenka Pliskova, Barbora Zednikova, Bo Jacobsson.

Data curation: Ivana Musilova, Marian Kacerovsky.

Formal analysis: Ivana Musilova, Marian Kacerovsky.

Funding acquisition: Marian Kacerovsky.

Investigation: Ivana Musilova, Marian Kacerovsky, Martin Stepan, Tomas Bestvina, Lenka

Pliskova, Barbora Zednikova, Bo Jacobsson.

Methodology: Ivana Musilova, Marian Kacerovsky, Martin Stepan, Tomas Bestvina, Lenka

Pliskova, Barbora Zednikova, Bo Jacobsson.

Project administration: Ivana Musilova, Marian Kacerovsky.

Resources: Marian Kacerovsky, Bo Jacobsson.

Supervision: Marian Kacerovsky, Bo Jacobsson.

Visualization: Ivana Musilova, Bo Jacobsson.

Writing – original draft: Ivana Musilova, Marian Kacerovsky, Bo Jacobsson.

Writing – review & editing: Ivana Musilova, Marian Kacerovsky, Martin Stepan, Tomas Best-

vina, Lenka Pliskova, Barbora Zednikova, Bo Jacobsson.

References

1. Waters TP, Mercer B. Preterm PROM: prediction, prevention, principles. Clin Obstet Gynecol. 2011; 54

(2):307–12. https://doi.org/10.1097/GRF.0b013e318217d4d3 PMID: 21508700.

2. Mercer BM. Preterm premature rupture of the membranes. Obstet Gynecol. 2003; 101(1):178–93.

PMID: 12517665.

3. DiGiulio DB, Romero R, Kusanovic JP, Gomez R, Kim CJ, Seok KS, et al. Prevalence and diversity of

microbes in the amniotic fluid, the fetal inflammatory response, and pregnancy outcome in women with

preterm pre-labor rupture of membranes. Am J Reprod Immunol. 2010; 64(1):38–57. https://doi.org/10.

1111/j.1600-0897.2010.00830.x PMID: 20331587;

4. Romero R, Miranda J, Chaemsaithong P, Chaiworapongsa T, Kusanovic JP, Dong Z, et al. Sterile and

microbial-associated intra-amniotic inflammation in preterm prelabor rupture of membranes. J Matern

Fetal Neonatal Med. 2015; 28(12):1394–409. https://doi.org/10.3109/14767058.2014.958463 PMID:

25190175.

5. Musilova I, Kutova R, Pliskova L, Stepan M, Menon R, Jacobsson B, et al. Intraamniotic Inflammation in

Women with Preterm Prelabor Rupture of Membranes. PLoS One. 2015; 10(7):e0133929. https://doi.

org/10.1371/journal.pone.0133929 PMID: 26208287;

6. Kacerovsky M, Celec P, Vlkova B, Skogstrand K, Hougaard DM, Cobo T, et al. Amniotic fluid protein

profiles of intraamniotic inflammatory response to Ureaplasma spp. and other bacteria. PLoS One.

2013; 8(3):e60399. https://doi.org/10.1371/journal.pone.0060399 PMID: 23555967;

CRP and intra-amniotic inflammation in PPROM

PLOS ONE | https://doi.org/10.1371/journal.pone.0182731 August 16, 2017 14 / 16

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0182731.s001
https://doi.org/10.1097/GRF.0b013e318217d4d3
http://www.ncbi.nlm.nih.gov/pubmed/21508700
http://www.ncbi.nlm.nih.gov/pubmed/12517665
https://doi.org/10.1111/j.1600-0897.2010.00830.x
https://doi.org/10.1111/j.1600-0897.2010.00830.x
http://www.ncbi.nlm.nih.gov/pubmed/20331587
https://doi.org/10.3109/14767058.2014.958463
http://www.ncbi.nlm.nih.gov/pubmed/25190175
https://doi.org/10.1371/journal.pone.0133929
https://doi.org/10.1371/journal.pone.0133929
http://www.ncbi.nlm.nih.gov/pubmed/26208287
https://doi.org/10.1371/journal.pone.0060399
http://www.ncbi.nlm.nih.gov/pubmed/23555967
https://doi.org/10.1371/journal.pone.0182731


7. Lee SE, Romero R, Jung H, Park CW, Park JS, Yoon BH. The intensity of the fetal inflammatory

response in intraamniotic inflammation with and without microbial invasion of the amniotic cavity. Am J

Obstet Gynecol. 2007; 197(3):294 e1–6. https://doi.org/10.1016/j.ajog.2007.07.006 PMID: 17826426.

8. Rodriguez-Trujillo A, Cobo T, Vives I, Bosch J, Kacerovsky M, Posadas DE, et al. Gestational age is

more important for short-term neonatal outcome than microbial invasion of the amniotic cavity or intra-

amniotic inflammation in preterm prelabor rupture of membranes. Acta Obstet Gynecol Scand. 2016;

95(8):926–33. https://doi.org/10.1111/aogs.12905 PMID: 27061307.

9. Cobo T, Palacio M, Martinez-Terron M, Navarro-Sastre A, Bosch J, Filella X, et al. Clinical and inflam-

matory markers in amniotic fluid as predictors of adverse outcomes in preterm premature rupture of

membranes. Am J Obstet Gynecol. 2011; 205(2):126 e1–8. https://doi.org/10.1016/j.ajog.2011.03.050

PMID: 21621184.

10. Archabald KL, Buhimschi IA, Bahtiyar MO, Dulay AT, Abdel-Razeq SS, Pettker CM, et al. Limiting the

Exposure of Select Fetuses to Intrauterine Infection/Inflammation Improves Short-Term Neonatal Out-

comes in Preterm Premature Rupture of Membranes. Fetal Diagn Ther. 2016. https://doi.org/10.1159/

000450997 PMID: 27794570.

11. Porreco RP, Heyborne KD, Shapiro H. Amniocentesis in the management of preterm premature rupture

of the membranes: a retrospective cohort analysis. J Matern Fetal Neonatal Med. 2008; 21(8):573–9.

https://doi.org/10.1080/14767050802178011 PMID: 18609359.

12. Ansar W, Ghosh S. C-reactive protein and the biology of disease. Immunol Res. 2013; 56(1):131–42.

https://doi.org/10.1007/s12026-013-8384-0 PMID: 23371836.

13. Mold C, Du Clos TW, Nakayama S, Edwards KM, Gewurz H. C-reactive protein reactivity with comple-

ment and effects on phagocytosis. Ann N Y Acad Sci. 1982; 389:251–62. PMID: 7046579.

14. Tan SS, Ng PM, Ho B, Ding JL. The antimicrobial properties of C-reactive protein (CRP). J Endotoxin

Res. 2005; 11(4):249–56. PMID: 16176663.

15. Volanakis JE. Complement activation by C-reactive protein complexes. Ann N Y Acad Sci. 1982;

389:235–50. PMID: 7046577.

16. van de Laar R, van der Ham DP, Oei SG, Willekes C, Weiner CP, Mol BW. Accuracy of C-reactive pro-

tein determination in predicting chorioamnionitis and neonatal infection in pregnant women with prema-

ture rupture of membranes: a systematic review. Eur J Obstet Gynecol Reprod Biol. 2009; 147(2):124–

9. https://doi.org/10.1016/j.ejogrb.2009.09.017 PMID: 19819609.

17. Trochez-Martinez RD, Smith P, Lamont RF. Use of C-reactive protein as a predictor of chorioamnionitis

in preterm prelabour rupture of membranes: a systematic review. BJOG. 2007; 114(7):796–801. https://

doi.org/10.1111/j.1471-0528.2007.01385.x PMID: 17567416.

18. Stepan M, Cobo T, Musilova I, Hornychova H, Jacobsson B, Kacerovsky M. Maternal Serum C-Reac-

tive Protein in Women with Preterm Prelabor Rupture of Membranes. PLoS One. 2016; 11(3):

e0150217. https://doi.org/10.1371/journal.pone.0150217 PMID: 26942752;

19. Mercer BM. Preterm premature rupture of the membranes: current approaches to evaluation and man-

agement. Obstet Gynecol Clin North Am. 2005; 32(3):411–28. https://doi.org/10.1016/j.ogc.2005.03.

003 PMID: 16125041.

20. Musilova I, Andrys C, Drahosova M, Soucek O, Pliskova L, Stepan M, et al. Amniotic fluid cathepsin-G

in pregnancies complicated by the preterm prelabor rupture of membranes. J Matern Fetal Neonatal

Med. 2016:1–8. https://doi.org/10.1080/14767058.2016.1237499 PMID: 27651029.

21. Musilova I, Bestvina T, Hudeckova M, Michalec I, Cobo T, Jacobsson B, et al. Vaginal fluid interleukin-6

concentrations as a point-of-care test is of value in women with preterm prelabor rupture of membranes.

Am J Obstet Gynecol. 2016. https://doi.org/10.1016/j.ajog.2016.07.001 PMID: 27402051.

22. Kacerovsky M, Musilova I, Hornychova H, Kutova R, Pliskova L, Kostal M, et al. Bedside assessment of

amniotic fluid interleukin-6 in preterm prelabor rupture of membranes. Am J Obstet Gynecol. 2014; 211

(4):385 e1–9. https://doi.org/10.1016/j.ajog.2014.03.069 PMID: 24705131.

23. Fouhy F, Deane J, Rea MC, O’Sullivan O, Ross RP, O’Callaghan G, et al. The effects of freezing on fae-

cal microbiota as determined using MiSeq sequencing and culture-based investigations. PLoS One.

2015; 10(3):e0119355. https://doi.org/10.1371/journal.pone.0119355 PMID: 25748176;

24. Greisen K, Loeffelholz M, Purohit A, Leong D. PCR primers and probes for the 16S rRNA gene of most

species of pathogenic bacteria, including bacteria found in cerebrospinal fluid. J Clin Microbiol. 1994; 32

(2):335–51. PMID: 7512093;

25. Chaemsaithong P, Romero R, Korzeniewski SJ, Martinez-Varea A, Dong Z, Yoon BH, et al. A rapid

interleukin-6 bedside test for the identification of intra-amniotic inflammation in preterm labor with intact

membranes. J Matern Fetal Neonatal Med. 2016; 29(3):349–59. https://doi.org/10.3109/14767058.

2015.1006620 PMID: 25758618;

CRP and intra-amniotic inflammation in PPROM

PLOS ONE | https://doi.org/10.1371/journal.pone.0182731 August 16, 2017 15 / 16

https://doi.org/10.1016/j.ajog.2007.07.006
http://www.ncbi.nlm.nih.gov/pubmed/17826426
https://doi.org/10.1111/aogs.12905
http://www.ncbi.nlm.nih.gov/pubmed/27061307
https://doi.org/10.1016/j.ajog.2011.03.050
http://www.ncbi.nlm.nih.gov/pubmed/21621184
https://doi.org/10.1159/000450997
https://doi.org/10.1159/000450997
http://www.ncbi.nlm.nih.gov/pubmed/27794570
https://doi.org/10.1080/14767050802178011
http://www.ncbi.nlm.nih.gov/pubmed/18609359
https://doi.org/10.1007/s12026-013-8384-0
http://www.ncbi.nlm.nih.gov/pubmed/23371836
http://www.ncbi.nlm.nih.gov/pubmed/7046579
http://www.ncbi.nlm.nih.gov/pubmed/16176663
http://www.ncbi.nlm.nih.gov/pubmed/7046577
https://doi.org/10.1016/j.ejogrb.2009.09.017
http://www.ncbi.nlm.nih.gov/pubmed/19819609
https://doi.org/10.1111/j.1471-0528.2007.01385.x
https://doi.org/10.1111/j.1471-0528.2007.01385.x
http://www.ncbi.nlm.nih.gov/pubmed/17567416
https://doi.org/10.1371/journal.pone.0150217
http://www.ncbi.nlm.nih.gov/pubmed/26942752
https://doi.org/10.1016/j.ogc.2005.03.003
https://doi.org/10.1016/j.ogc.2005.03.003
http://www.ncbi.nlm.nih.gov/pubmed/16125041
https://doi.org/10.1080/14767058.2016.1237499
http://www.ncbi.nlm.nih.gov/pubmed/27651029
https://doi.org/10.1016/j.ajog.2016.07.001
http://www.ncbi.nlm.nih.gov/pubmed/27402051
https://doi.org/10.1016/j.ajog.2014.03.069
http://www.ncbi.nlm.nih.gov/pubmed/24705131
https://doi.org/10.1371/journal.pone.0119355
http://www.ncbi.nlm.nih.gov/pubmed/25748176
http://www.ncbi.nlm.nih.gov/pubmed/7512093
https://doi.org/10.3109/14767058.2015.1006620
https://doi.org/10.3109/14767058.2015.1006620
http://www.ncbi.nlm.nih.gov/pubmed/25758618
https://doi.org/10.1371/journal.pone.0182731


26. Chaemsaithong P, Romero R, Korzeniewski SJ, Martinez-Varea A, Dong Z, Yoon BH, et al. A point of

care test for interleukin-6 in amniotic fluid in preterm prelabor rupture of membranes: a step toward the

early treatment of acute intra-amniotic inflammation/infection. J Matern Fetal Neonatal Med. 2016; 29

(3):360–7. https://doi.org/10.3109/14767058.2015.1006621 PMID: 25758620.

27. Ismail MA, Zinaman MJ, Lowensohn RI, Moawad AH. The significance of C-reactive protein levels in

women with premature rupture of membranes. Am J Obstet Gynecol. 1985; 151(4):541–4. PMID:

3976754.

28. Kurki T, Teramo K, Ylikorkala O, Paavonen J. C-reactive protein in preterm premature rupture of the

membranes. Arch Gynecol Obstet. 1990; 247(1):31–7. PMID: 2353964.

29. Evans MI, Hajj SN, Devoe LD, Angerman NS, Moawad AH. C-reactive protein as a predictor of infec-

tious morbidity with premature rupture of membranes. Am J Obstet Gynecol. 1980; 138(6):648–52.

PMID: 7435528.

30. Yoon BH, Jun JK, Park KH, Syn HC, Gomez R, Romero R. Serum C-reactive protein, white blood cell

count, and amniotic fluid white blood cell count in women with preterm premature rupture of mem-

branes. Obstet Gynecol. 1996; 88(6):1034–40. PMID: 8942849.

31. Park KH, Kim SN, Oh KJ, Lee SY, Jeong EH, Ryu A. Noninvasive prediction of intra-amniotic infection

and/or inflammation in preterm premature rupture of membranes. Reprod Sci. 2012; 19(6):658–65.

https://doi.org/10.1177/1933719111432869 PMID: 22457430.

32. Cobo T, Jacobsson B, Kacerovsky M, Hougaard DM, Skogstrand K, Gratacos E, et al. Systemic and

local inflammatory response in women with preterm prelabor rupture of membranes. PLoS One. 2014;

9(1):e85277. https://doi.org/10.1371/journal.pone.0085277 PMID: 24465522.

33. Santhanam U, Avila C, Romero R, Viguet H, Ida N, Sakurai S, et al. Cytokines in normal and abnormal

parturition: elevated amniotic fluid interleukin-6 levels in women with premature rupture of membranes

associated with intrauterine infection. Cytokine. 1991; 3(2):155–63. PMID: 1888885.

34. Romero R, Yoon BH, Mazor M, Gomez R, Gonzalez R, Diamond MP, et al. A comparative study of the

diagnostic performance of amniotic fluid glucose, white blood cell count, interleukin-6, and gram stain in

the detection of microbial invasion in patients with preterm premature rupture of membranes. Am J

Obstet Gynecol. 1993; 169(4):839–51. PMID: 7694463.

35. Jun JK, Yoon BH, Romero R, Kim M, Moon JB, Ki SH, et al. Interleukin 6 determinations in cervical fluid

have diagnostic and prognostic value in preterm premature rupture of membranes. Am J Obstet Gyne-

col. 2000; 183(4):868–73. https://doi.org/10.1067/mob.2000.109034 PMID: 11035328.

36. Kim KW, Romero R, Park HS, Park CW, Shim SS, Jun JK, et al. A rapid matrix metalloproteinase-8 bed-

side test for the detection of intraamniotic inflammation in women with preterm premature rupture of

membranes. Am J Obstet Gynecol. 2007; 197(3):292 e1–5. https://doi.org/10.1016/j.ajog.2007.06.040

PMID: 17826425.

37. Chaemsaithong P, Romero R, Docheva N, Chaiyasit N, Bhatti G, Pacora P, et al. Comparison of Rapid

MMP-8 and Interleukin-6 Point-of-Care Tests to Identify Intra-amniotic Inflammation/Infection and

Impending Preterm Delivery in Patients With Preterm Labor and Intact Membranes. J Matern Fetal Neo-

natal Med. 2017:1–42. https://doi.org/10.1080/14767058.2017.1281904 PMID: 28081646.

38. Musilova I, Andrys C, Drahosova M, Soucek O, Stepan M, Bestvina T, et al. Intraamniotic inflammation

and umbilical cord blood interleukin-6 concentrations in pregnancies complicated by preterm prelabor

rupture of membranes. J Matern Fetal Neonatal Med. 2016:1–11. https://doi.org/10.1080/14767058.

2016.1197900 PMID: 27265200.

39. Ernest JM, Swain M, Block SM, Nelson LH, Hatjis CG, Meis PJ. C-reactive protein: a limited test for

managing patients with preterm labor or preterm rupture of membranes? Am J Obstet Gynecol. 1987;

156(2):449–54. PMID: 3826184.

40. Lee SY, Park KH, Jeong EH, Oh KJ, Ryu A, Park KU. Relationship between maternal serum C-reactive

protein, funisitis and early-onset neonatal sepsis. J Korean Med Sci. 2012; 27(6):674–80. https://doi.

org/10.3346/jkms.2012.27.6.674 PMID: 22690100.

41. Kwak DW, Cho HY, Kwon JY, Park YW, Kim YH. Usefulness of maternal serum C-reactive protein with

vaginal Ureaplasma urealyticum as a marker for prediction of imminent preterm delivery and chorioam-

nionitis in patients with preterm labor or preterm premature rupture of membranes. J Perinat Med. 2015;

43(4):409–15. https://doi.org/10.1515/jpm-2014-0142 PMID: 25503859.

CRP and intra-amniotic inflammation in PPROM

PLOS ONE | https://doi.org/10.1371/journal.pone.0182731 August 16, 2017 16 / 16

https://doi.org/10.3109/14767058.2015.1006621
http://www.ncbi.nlm.nih.gov/pubmed/25758620
http://www.ncbi.nlm.nih.gov/pubmed/3976754
http://www.ncbi.nlm.nih.gov/pubmed/2353964
http://www.ncbi.nlm.nih.gov/pubmed/7435528
http://www.ncbi.nlm.nih.gov/pubmed/8942849
https://doi.org/10.1177/1933719111432869
http://www.ncbi.nlm.nih.gov/pubmed/22457430
https://doi.org/10.1371/journal.pone.0085277
http://www.ncbi.nlm.nih.gov/pubmed/24465522
http://www.ncbi.nlm.nih.gov/pubmed/1888885
http://www.ncbi.nlm.nih.gov/pubmed/7694463
https://doi.org/10.1067/mob.2000.109034
http://www.ncbi.nlm.nih.gov/pubmed/11035328
https://doi.org/10.1016/j.ajog.2007.06.040
http://www.ncbi.nlm.nih.gov/pubmed/17826425
https://doi.org/10.1080/14767058.2017.1281904
http://www.ncbi.nlm.nih.gov/pubmed/28081646
https://doi.org/10.1080/14767058.2016.1197900
https://doi.org/10.1080/14767058.2016.1197900
http://www.ncbi.nlm.nih.gov/pubmed/27265200
http://www.ncbi.nlm.nih.gov/pubmed/3826184
https://doi.org/10.3346/jkms.2012.27.6.674
https://doi.org/10.3346/jkms.2012.27.6.674
http://www.ncbi.nlm.nih.gov/pubmed/22690100
https://doi.org/10.1515/jpm-2014-0142
http://www.ncbi.nlm.nih.gov/pubmed/25503859
https://doi.org/10.1371/journal.pone.0182731

