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ABSTRACT

Background Chorioamnionitis, a risk factor for preterm delivery, has been suggested to associate with suboptimal neurological development in premature infants. 
Objective To evaluate the association between chorioamnionitis and neurodevelopment in preterm infants at five years of age. 
Methods Very low birth weight and very low gestational age infants (n=197) were recruited. Placental samples (n=117) were evaluated for histological chorioamnionitis. Fetal histological chorioamnionitis was analyzed as a subgroup. The diagnosis of clinical chorioamnionitis was derived from medical records. Neurodevelopmental impairments were evaluated at two years of age, and cognitive development (n=188), and neuropsychological performance (n=193) at five years of age. 
Results There were no associations between histological or clinical chorioamnionitis and neurodevelopmental impairments at two years of age. Clinical chorioamnionitis and fetal histological chorioamnionitis were not associated with cognitive development or neuropsychological performance, but histological chorioamnionitis associated with poorer cognitive outcome (regression coefficient= -7.22, 95 % Confidence interval= -14.31 to -0.13) and weaker memory and learning functions (regression coefficient= -1.29, 95 % Confidence interval= -2.40, -0.18) at five years of age.

Conclusion Our study findings do not support clinical chorioamnionitis having a major independent role in the pathogenesis of neurodevelopmental problems in very preterm infants. Histological chorioamnionitis was associated with slightly less optimal performance at five years of age, but further studies are needed to verify the clinical significance of these findings.
INTRODUCTION

Chorioamnionitis is an important risk factor underlying preterm delivery with increasing incidence by decreasing gestational age [1]. However, it is often subclinical, and thus a diagnostic challenge, preterm labor or rupture of membranes being the first sign. The diagnosis of histological chorioamnionitis is based on accumulation of neutrophils in the placenta and membranes, and is unobtainable before delivery. The effect of chorioamnionitis on the brain of a premature infant is controversial.  As the risk of brain lesions increases with decreasing gestational age, it is important to adjust the analyses for the gestational age when investigating the independent causal role of chorioamnionitis on the longterm outcome of preterm infants. As a trigger of preterm labor, chorioamnionitis does expose many infants to the complications of prematurity. A few studies have found an association between clinical and histological chorioamnionitis and brain lesions in preterm infants after adjusting for gestational age, but the majority of studies have not found such associations after adjustments [2].

The literature about the association between chorioamnionitis and cerebral palsy (CP), neurosensory impairments, and cognition is controversial as well, as some studies show an association while others report lack of such associations [2]. Follow up has exceeded two years only in a few studies [3-9]. In these studies, histological chorioamnionitis was not an independent risk factor for neurodevelopmental disability in very low birth weight (VLBW, ≤1500 g)/very low gestational age (VLGA, <32 weeks) infants [3-7]. Similarly, clinical chorioamnionitis did not associate with neurodevelopmental disability at school age [4, 8] except in one study [9]. Interestingly, histological chorioamnionitis has also been shown to associate with lower mortality and a decrease in neurodevelopmental impairments [10-13]. Conflicting research evidence makes it difficult for a clinician to make decisions for the best interest of the newborn.

The aim of our study was to evaluate the risk of adverse neurodevelopment in association with clinical chorioamnionitis and separately with histological chorioamnionitis in a cohort of VLBW/VLGA infants in a longitudinal follow-up to 5 years of age.

MATERIALS AND METHODS

Patient Population

This study is part of the multidisciplinary PIPARI project (Development and Functioning of Very Low Birth Weight Infants from Infancy to School Age). The inclusion criteria for the study were: 1) the infant was born in 2001 through 2006 in the Turku University Hospital, Finland; 2) the birth weight  ≤1500 grams or the gestational age  <32 weeks; 3) the parents lived in the Turku region and spoke and understood written Finnish or Swedish. The exclusion criteria were 1) the infant had major congenital anomalies or syndromes or chromosomal anomalies (n=4) and /or 2) the infant died before five years of age (n=41). A total of 233 infants were eligible and 224 participated in the PIPARI study (Fig. 1). From the 224 infants, 197 (89%) participated in the follow up at five years of age and were thus included in the present study. The collection of placental samples began in January 2002. Placental samples were available for 117 (59%) of the 197 infants participating in the study at five years of age. Parental consent was obtained after verbal and written information. The present study was approved by the Ethical Committee of the Hospital District of Southwest Finland in June 2001.

The clinical data (Table 1) and maternal education were collected as part of the PIPARI protocol. Gestational age was estimated according to ultrasonography during the first half of pregnancy. The diagnosis of clinical chorioamnionitis was based on at least two of three criteria: 1) elevated C-reactive protein (CRP) concentration (over 40 mg/l) a week before or after delivery, 2) a fever over 38 degrees Celsius at the time of delivery, and 3) premature rupture of the membranes (PROM) more than 18 hours before delivery. These criteria were objective and systematically recorded measures which could be derived from patient charts retrospectively.  CRP, shown to be reliable in detecting chorioamnionitis [14, 15], was measured only for clinical suspicion of an infection or in cases with PROM (n=75). PROM was included in the criteria as it has been shown to be connected with histological chorioamnionitis [16, 17], and it gives an opportunity for an infection to spread from the lower genital tract into the fetal membranes and amniotic fluid [18]. The medical chart review ensured that there was no other reason for fever or high CRP value in the mothers with clinical chorioamnionitis. 
Histological Analysis
The detailed analysis of the placental samples has been described earlier [19]. At least two non-consecutive sections were studied from every placenta, umbilical cord and fetal membranes. In the case of twin or triplet pregnancies, all placentas, cords and membranes were sampled. Extra samples were taken if warranted by macroscopical impression. All 117 placental specimens were analysed by two authors (MY, HK) blinded to clinical and neuroradiological findings. The samples were not read blinded to the results of another reader. The assessments were made on consensus basis. Chorioamnionitis was divided into maternal and fetal components, and each case was assigned a stage and a grade as described by Redline et al [20] (see definitions in Appendix 1). Consensus scores were used for grading and staging. Cases with inflammatory changes were re-read and this scoring was used in further statistical analyses. In this manuscript, histological chorioamnionitis includes placentas with signs of any inflammation (maternal chorioamnionitis and/or fetal chorioamnionitis). Fetal histological chorioamnionitis is a subgroup of histological chorioamnionitis, including only the placentas with signs of inflammation on the fetal side of the placenta (with or without the signs of maternal histological chorioamnionitis).

Developmental Assessment

Neurological status at two years of corrected age was assessed by a trained physician and a physiotherapist, blinded to the presence of chorioamnionitis with the Hammersmith Infant Neurological Examination [21]. The diagnosis of CP, including the grading of severity by Gross Motor Function Classification System (GMFCS) [27], was ascertained by one pediatric neurologist (LH) at 2 years of corrected age after a systematic clinical follow-up. Vision was assessed by an ophthalmologist and hearing by an audiologist as a part of the clinical follow up. The diagnoses of hearing impairment and blindness were confirmed by a pediatric neurologist (LH).  Cognitive development at two years of corrected age (-1 week to +1 month) was assessed using the Bayley Scales of Infant Development, 2nd edition (BSID-II) [22] and the Mental Developmental Index (MDI) was determined. An MDI of 85 or above was considered as normal, an MDI between 70 and 84 was considered as mildly delayed (-1 to -2 SD), and an MDI of 69 or below was considered as significantly delayed cognitive performance (< -2 SD). 

Cognitive assessments were conducted by a trained psychologist blinded to the presence of chorioamnionitis. Cognitive development at five years of chronological age (-1 week to 2 months) was evaluated using a short form of the Wechsler Preschool and Primary Scale of Intelligence – Revised (WPPSI-R) [23]. The subtests Information, Sentences, Arithmetic, Block Design, Geometric Design and Picture Completion were included, and the full-scale intelligence quotient (FSIQ), verbal intelligence quotient (VIQ) and performance intelligence quotient (PIQ) were estimated. A quotient of 85 or above was considered normal intelligence, a quotient of 70 to 84 slightly below normal (-1 to -2 SD) and a quotient of 69 or below significantly below normal intelligence (< -2 SD). 

Neuropsychological performance at five years of chronological age (-1 week to 2 months) was evaluated by a trained psychologist blinded to the presence of chorioamnionitis using 11 subtests from the NEPSY II [24-26], the standardization edition of the Finnish version. In the present study, the subtests were grouped into four domains:  1) Attention and Executive Functioning included Auditory Attention, Visual Attention and Inhibition; 2) Memory and Learning included Narrative Memory, Memory for Designs and Word List Interference; 3) Visuomotor Skills included Visuomotor Precision and Design Copy and; 4) Language included Speeded Naming, Comprehension of Instructions and Phonological Processing. The mean value of the standard scores for the subtests in each domain was considered a standard score for the domain. These standard scores were based on the results of a control group of healthy term-born children [26]. A  standard score of eight or above was considered as average performance, six or seven was considered as slightly below average (-1 to -2 SD), and five or below as significantly below average (< -2 SD) [24, 25].
A child was classified as having neurodevelopmental impairment (NDI) if she or he had a diagnosis of CP, hearing impairment, blindness, or FSIQ below 70.

Statistical Analyses
For the statistical analyses, the study infants were classified according to the presence of clinical chorioamnionitis and histological chorioamnionitis (including a maternal and/or fetal component). In addition, we assessed the associations of chorioamnionitis in the subgroup of fetal histological chorioamnionitis. Clinical chorioamnionitis, histological chorioamnionitis, and fetal histological chorioamnionitis were used as separate independent variables in each statistical analysis.
The association between the continuous outcome variables and clinical and histological chorioamnionitis was studied using a multiple regression analysis, controlling for the use of antenatal steroids, gestational age, birth weight z-score, gender and the length of maternal education, with over 12 years as the reference category. The covariates were chosen a priori based on clinical judgment and previous literature. The association between NDI and clinical chorioamnionitis was studied using a multiple logistic regression analysis, controlling for the same variables. Bivariate associations between categorical variables were studied using the chi square test. Statistical analyses were conducted using SAS for Windows version 9.2. P-values below 0.05 were considered as statistically significant.

RESULTS
Population characteristics

Out of the 291 VLBW/VLGA infants born in Turku University Central Hospital during the data collection period, 41 (14%) infants deceased.  The deceased infants were less likely to have had antenatal steroids (p<0.001), had lower gestational age (p<0.001), and smaller birth weight (p<0.001) than the surviving infants. The deceased infants also had bigger birth weight z-score (p=0.04) than the surviving infants. The other background variables (listed in Table 1) did not differ between the groups. Also, there was no difference in the rate of clinical or histological chorioamnionitis and fetal histological chorioamnionitis between deceased and surviving infants. The information about maternal education was not available for the deceased infants. From the 233 eligible infants 36 (15%) did not participate in this study for various reasons (see Figure 1).  The mothers of these children had significantly shorter maternal education than the mothers of the study children (p=0.0001). The other background variables or the rate of clinical or histological chorioamnionitis did not differ between the groups.
Chorioamnionitis

The placental collection was implemented in the study protocol one year after the patient recruitment had started. Therefore, there are no placental samples from infants born in 2001 (n=36). Out of the 161 infants born during the placental collection period, 117 (73%) had placental samples available. Placental samples were obtained less frequently when the infant had low Apgar scores (p=0.03) or died during the first days of life (p<0.001). The other background variables did not differ between the infants with or without placental samples. Maternal histological chorioamnionitis was seen in 38% (n=45) of the placentas, and fetal histological chorioamnionitis in 25% (n=29) (Appendix 2). Eight percent (n=16) of the 197 study infants were born from pregnancies complicated with clinical chorioamnionitis. In the study group, 44 infants were born from pregnancies complicated with PROM, 25 with elevated CRP, and nine with fever. Of the 16 infants born after clinical chorioamnionitis, 11 had placental samples available. All except one infant (twin, with the sibling with histological chorioamnionitis) of the 11 also had histological chorioamnionitis. 
Chorioamnionitis and Neurodevelopmental Impairment 

NDI was found in 17 (9%) of the 197 infants. The total number of children with CP was 11 and four children had hearing impairment. None of the study children were blind. The assessment of FSIQ was performed successfully in 12/17 infants with NDI and it was <70 in five children. Clinical chorioamnionitis was associated with NDI in bivariate analyses (Odds ratio (OR)=4.31, 95% Confidence interval (CI) =1.22 to 15.25). After adjusting for gestational age, the association between clinical chorioamnionitis and NDI disappeared (OR=2.90, 95% CI= 0.72 to 11.69). NDI did not associate with clinical chorioamnionitis in multiple logistic regression analysis (OR = 3.14, 95% CI = 0.71 to 13.81). NDI did not associate with either histological chorioamnionitis (OR=2.16, 95% CI=0.46 to 10.13) or fetal histological chorioamnionitis alone (OR=2.42, 95% CI=0.51 to 11.53) in the bivariate analyses or after adjusting for gestational age (histological chorioamnionitis OR=1.78, 95% CI= 0.35 to 8.93; fetal histological chorioamnionitis OR= 1.91, 95% CI= 0.35 to 10.44). The number of infants with NDI and placental samples (7/117, 6%) was insufficient for multiple logistic regression analyses. From the background variables, antenatal steroid administration was associated with a lower risk of NDI (p= 0.005, OR=0.05, 95% CI= 0.01 to 0.41). We also performed additional analyses with NDI or death as the outcome.  Clinical chorioamnionitis, histological chorioamnionitis, or fetal histological chorioamnionitis alone were not associated with NDI or death in bivariate analyses or after adjusting for gestational age.
Chorioamnionitis and Cognitive Development 

A total of 192 (97%) infants participated in the assessment of cognitive development at two years of corrected age. Tables 2a and 2b show the distribution of the study infants with and without clinical and histological chorioamnionitis into the three categories based on the BSID-II MDI. Of the 192 infants, 115 (60%) had placental samples available. The results from the multiple regression analyses are shown in Table 3. 

Of the 197 study infants, 188 (95%) participated in the cognitive assessment at five years of age. Tables 2a and 2b show the distribution of the study infants with and without clinical and histological chorioamnionitis into the three categories based on the FSIQ, VIQ and PIQ in the WPPSI-R. Of the 188 infants, 112 (60%) had placental samples available. The results from the multiple regression analyses are shown in Table 3. Clinical chorioamnionitis did not show any negative effect on cognition. Histological chorioamnionitis was associated with lower FSIQ (p=0.05) but not with the VIQ or PIQ. Fetal histological chorioamnionitis alone was not associated with the FSIQ, VIQ or PIQ.  Associations of the background variables with cognitive development are shown in Table 4. We also performed additional post hoc analyses where we treated maternal and fetal histological chorioamnionitis separately (only one child was removed from the histological chorioamnionitis group, since the placenta showed signs of fetal histological chorioamnionitis in the absence of maternal chorioamnionitis). In these analyses, no significant associations were found between maternal or fetal histological chorioamnionitis and cognitive development. 
Chorioamnionitis and Neuropsychological Performance at Five Years of Age

A total of 193 (98%) infants participated in the neuropsychological assessment at five years of age. Tables 2a and 2b show the distribution of the study infants with and without clinical and histological chorioamnionitis into the three categories based on the NEPSY II domains. A total of 115 (60%) placental samples were available. Multiple regression analyses are shown in Table 3. Clinical chorioamnionitis was not associated with any of the NEPSY domains. Histological chorioamnionitis was associated with lower scores in the Memory and Learning domain in the multiple regression analysis, with a difference of 0.4 standard deviations. Forty-eight percent of the infants with histological chorioamnionitis had slightly below average performance, and 22% had significantly below average performance in the Memory and Learning domain. In comparison, 23% of the infants without histological chorioamnionitis had slightly below average performance and 9% had significantly below average performance (p=0.02). Histological chorioamnionitis was not associated with any other NEPSY II domains. Fetal histological chorioamnionitis alone was not associated with any of the NEPSY II domains. Associations between the background variables and neuropsychological performance are shown in Table 4. We also performed additional post hoc analyses where we treated maternal and fetal histological chorioamnionitis separately. In these analyses, no significant associations were found between maternal or fetal histological chorioamnionitis and neuropsychological performance.
DISCUSSION
Our study did not find consistent associations between chorioamnionitis and neurodevelopmental impairments, or cognitive or neuropsychological development in a prospectively followed cohort of VLBW/VLGA infants. To acknowledge the complexity of the definition of chorioamnionitis, we assessed clinical chorioamnionitis and histological chorioamnionitis separately, including the subgroup of fetal histological chorioamnionitis. Our cohort provided us a longitudinal view of development up to five years of age with exceptionally low attrition (12%). Even with these extensions in diagnostics and follow-up, we found only a few associations between histological chorioamnionitis and cognitive and neuropsychological outcome, and no associations between clinical chorioamnionitis or fetal histological chorioamnionitis and neuropsychological outcome. 

Literature is controversial about the relationship between chorioamnionitis and cognitive development in preterm infants. Hardt el al. [28] found that clinical chorioamnionitis was associated with poorer cognitive performance at 12 months of corrected age in infants below 2000g born after premature rupture of membranes. Similar findings have also been reported by others [29, 13] showing that clinical, but not histological, chorioamnionitis was associated with developmental delay in VLGA infants at 18 months of corrected age [29] and in infants below 1000g at 18 to 22 months of corrected age [13]. In addition, two studies have shown that clinical chorioamnionitis and maternal fever associate with poorer non-verbal intelligence in LBW and VLBW infants at nine and 11 years of age [8, 9]. Our findings, however, do not support an association between chorioamnionitis and cognition at two years of corrected age. At five years of age, neither clinical chorioamnionitis nor fetal histological chorioamnionitis were associated with cognitive development, but histological chorioamnionitis was associated with a slightly poorer cognitive outcome. These inconsistent findings do not support a strong association between chorioamnionitis and cognition. 

We evaluated the cognitive development of the study infants at two different time points. Only a few previous studies have evaluated the association of chorioamnionitis on the neurodevelopment of preterm infants beyond two years of age [3-9]. To our knowledge, only one study group has previously evaluated the effects of chorioamnionitis on neuropsychological functions in preterm infants [6]. Redline et al. [6] found that histological chorioamnionitis with severe fetal vascular response was associated with lower scores in neuropsychological test in infants born below 1000g. In our study, neither clinical chorioamnionitis nor fetal histological chorioamnionitis were associated with poorer neuropsychological performance at five years of age but histological chorioamnionitis was associated with weaker memory and learning functions. This is a surprising finding as fetal histological chorioamnionitis has been thought to affect the brain of the fetus more than maternal histological chorioamnionitis. On the other hand, subclinical inflammation in the maternal tissues may persist longer, which may explain fetal effects. An enhanced maternal inflammatory response to infection may also limit chorioamnionitis to the maternal side of the placenta, and thus these changes in the maternal part of the placenta could reflect higher inflammatory response which may affect the fetus. Indeed, an animal model suggests that even a moderate perinatal systemic inflammation may alter the developmental programming of the white matter and may cause long-lasting myelination and memory deficits [30]. 

 The high rate of antenatal steroid administration in our study (94%) may have protected the fetal brain, which might at least in some degree explain the differences between our results and the results of the previous studies regarding this study matter. More recent studies with higher rates of antenatal steroid administration are less likely to show an association between chorioamnionitis and developmental problems than older publications [2]. A meta-analysis showed that antenatal steroid administration was associated with a reduced risk for brain lesions in clinical and histological chorioamnionitis [31]. Kent et al [5] found that histological chorioamnionitis was associated with CP only in infants who had not been given two doses of antenatal corticosteroids. In addition, a lack of antenatal steroid administration was an independent risk factor for weaker neurological and cognitive development [5]. Also in our study, lack of antenatal steroid administration was associated with lower cognitive level at two and five years of age, and with weaker visuomotor skills. High maternal education is another potential explanation for the difference between our results and some other studies. Only 11% of the mothers in our study had less than 9 years of education. Maternal education is known to be associated with the infants’ neurocognitive development, and accordingly, in our study maternal education was strongly associated with cognitive development at two and five years of age, and with weaker language skills and attention and executive functions. 
The limitations of our study include a rather small patient population causing a risk for coincidental findings, and also a risk for missing some possible associations. In particular, we saw several trends pointing towards the association between histological chorioamnionitis and less optimal neurodevelopmental outcome, which might have been statistically significant in larger patient population. In addition, only 17 infants had NDI, and from these only five had FSIQ <70 and five could not be evaluated reliably. Hence the power of our study to detect severe developmental disorders is fairly weak.  There were also missing placental samples, which is a potential source of bias. Placental samples were obtained less frequently when the infant had low Apgar scores, thus introducing bias towards the null hypothesis, since low Apgar is associated with poor brain outcomes, or died during the first day of life, suggesting that placental collection was missed mostly in emergency situations. Also, our study population includes a rather large proportion of infants born small for gestational age, as we included all infants born <1500 g regardless of gestational weeks. Infants born small for gestational age are less likely to have had chorioamnionitis, which is a potential bias in our study. In addition, the diagnosis of clinical chorioamnionitis was made retrospectively based on a medical chart review, which is not optimal. The percentage of clinical chorioamnionitis in this study population was smaller than what is seen in previous studies, indicating that we might have underdiagnosed the condition. On the other hand, the diagnosis of clinical chorioamnionitis was well in line with histological chorioamnionitis, as described in the Results. The diagnosis of histological chorioamnionitis was done as described in the Methods. According to this we also included low grade inflammation (stage 1) in the histological chorioamnionitis group. By doing so, we might have included some cases which are not truly affected with chorioamnionitis, which also needs to be taken in to consideration when interpreting the results.  
In conclusion, our study suggests that clinical chorioamnionitis does not independently pose a major risk to the neurodevelopmental outcome of very preterm and/or very low gestational age infants. Histological chorioamnionitis was associated with slightly less optimal performance at five years of age, but further studies are needed to verify the clinical significance of this finding. Our results suggest that other factors like genetic and environmental factors play a significant role in modifying the neurodevelopment of preterm infants. 
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