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Editorial on the Research Topic
Developmental origins of health and disease: Impact of preterm birth



The pivotal concept of developmental origins of disease was first identified in the 1980s and has been the topic of numerous investigations related to adult-onset diseases such as obesity, diabetes, and coronary artery disease (1). Maternal-fetal interactions effect the fetus directly in the context of maternal illness or nutritional deprivation or can establish epigenetic changes that effect basic metabolic function such as obesity, diabetes, and the HPA axis (2, 3). While preterm birth itself is not a direct maternal influence, it is often the result of an adverse in utero environment that precipitates the early birth. Further, preterm birth has been associated with impaired structural and function development of organ systems in the offspring, thus making preterm birth a unique predisposing factor for adult disease (4). The manuscripts published within this special issue address factors associated with maternal health, growth of the infant, and morbidities associated with early birth and poor growth.

Mautner et al. assessed maternal physical and mental health between women with early preterm birth vs. late preterm birth. Early preterm birth was associated with depressive symptoms and lower health-related quality of life (HRQoL) scores, but late preterm birth mothers had even higher depressive symptoms; both of which may affect the care provided to their respective infants.” Both Motte-Signoret et al. and Gonzales-Garcia et al. studied small for gestational age or intrauterine growth restricted (IUGR) infants. Motte-Signoret measured growth factor (GF), insulin growth factor 1 (IGF1), and insulin resistance in small for gestational age (SGA) infants. SGA infants demonstrated resistance to GF and IGF1 with insulin resistance. These findings could explain initial defects in early catch-up growth, risks for later catch-up growth, and higher prevalence of metabolic syndrome in later life. Gonzales-Garcia compared the Fenton 2013 growth charts to those from the International Fetal and Newborn Growth Consortium for the 21st Century (Intergrowth 21st) Project (IW-21) for assessing to intra-(IUGR) and extrauterine (EUGR) growth restriction in very low birthweight infants. There was concordance between the charts for IUGR growth trajectories but not for EUGR infants. The dynamic IW-21 was more restrictive but better predicted morbidities in EUGR infants.

Reports on the negative effects of preterm birth included identifying predictors of severe necrotizing enterocolitis (NEC) and impaired neurodevelopmental outcomes and indicated that early identification of risk factors might ultimately lead to improved outcomes. Lin et al. sought to identify predictive indicators of necrotizing enterocolitis (NEC) by comparing biomarkers between NEC with portal venous gas (PVG) and NEC without PVG. C-reactive protein (CRP), fibrinogen degradation product, and blood glucose demonstrated predictive value for NEC-PVG. Current outcomes of the Neuroprem 2 cohort study were reported by Lugli et al. Out of 502 very preterm infants 9.6% had severe disability and 5.4% had cerebral palsy. Gestational age and periventricular hemorrhage were most highly associated with severe disability. Along these same lines, Wibowo et al. measured bone mineral content in newborns and found it lower in underdeveloped countries, higher in males, and negatively correlated with maternal cigarette usage. Hole et al. utilized a preterm piglet model to study early motor development. Preterm piglets took shorter steps than term piglets in early stages of walking but rapidly adapted with no differences within 3 days. Overall conclusions from the combined studies were that early interventions are needed to prevent later delays.

Khasawneh et al. retrospectively analyzed determinates of late hospital discharge. The majority of all preterm births analyzed were late preterm infants. While several parameters such as gestational age and maternal and neonatal morbidities were correlated with length of stay (early, ≤3 days vs. late >3 days), there was no correlation between length of stay after birth and later readmission.

In summary, growth restriction and small birth weight can have permanent consequences on the metabolic health of the infant. Furthermore, the morbidities associated with preterm birth such as NEC, and motor and neurodevelopmental disabilities are likely to contribute to deficits in the quality of life once these infants reach adulthood. Prematurity and SGA should be considered overall risk factors for adult health and quality of life.
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Background: Interactions between the genome and intrauterine environment can affect bone mineralization in newborns and even in adult life. Several studies show that intrauterine fetal bone mineralization or early postnatal bone condition influences the risk of osteoporosis in later life.

Objectives: To determine whole body bone mineral content (WB BMC) and factors that influence neonatal WB BMC in Indonesian term newborns.

Subjects/Methods: A cross-sectional study was conducted in Dr. Sardjito General Hospital, Yogyakarta, Indonesia. A total of 45 term, appropriate for gestational age (AGA) newborns were included in this study. BMC was assessed by dual-energy x-ray absorptiometry (DXA) in the first week of life. Weight (g), length (cm) and head circumference (cm) were measured at birth. Data on maternal characteristics were obtained from the maternal health records or reported by the mothers.

Results: WB BMC measured in the present study (mean ± SD: 33.2 ± 9.3 g) was lower than WB BMC of similar populations in developed countries. Multiple linear regression showed that birth weight, birth length, and gestational age had a positive association with WB BMC (p = 0.048, 0.017, and <0.001, respectively), while maternal cigarette exposure had a negative association with WB BMC (p = 0.012). Male infants had significantly higher of WB BMC than female (p = 0.025). These determinants contribute to 55% variability of WB BMC.

Conclusions: WB BMC in Indonesian term newborns is lower than populations in developed countries. Birth weight, length, gestational age, sex, and maternal cigarette exposure during pregnancy are significantly associated with WB BMC observed in Indonesian newborns.

Keywords: neonatal bone mineral content, birth weight, gestational age, sex, maternal smoking


INTRODUCTION

Osteoporosis has a significant impact on a person's quality of life as well as being a massive economic burden for the country. In 1990, the worldwide annual direct and indirect burden of hip fracture was estimated at US $ 34.8 billion, rising to $ 131.5 billion by 2050 (at a rate of $ 21,000 per patient) (1). There is growing evidence of an interaction between the genome and the environment in the expression of several chronic diseases including osteoporosis (2). Data showed that intrauterine fetal bone mineralization or bone condition at birth will influence the risk of osteoporosis later in life (3).

Minton et al. (4) observed an association between gestational age and birth weight with the newborns' WB BMC in a Caucasian population in the United States (4). A study in Korea showed the influence of season of birth, cord serum 25-hydroxyvitamin D, maternal diabetes, alcohol consumption and maternal smoking during pregnancy on fetal bone mineralization (5).

A systematic review of the AGA-term infant population with predominantly Caucasian ethnicity found that the WB BMC value measured by Hologic DXA was 66.2 g (95% CI 65.4–67.05), while with Lunar DXA it was 78.9 g (95% CI 78.4–79.4) (2). It has been widely known that bone mass is influenced by race and ethnicity (6, 7). A study in a multiethnic population of prepubertal children using DXA showed ethnic differences in total body WB BMC (7). Research in seven Asian countries that aimed to assess bone health using heel ultrasound in adults aged 46–85 years indicated that Indonesian men and women had the poorest bone health (8). In addition, it was obvious that most pregnant women in Indonesia were Vitamin D deficient even though they live in a tropical country where sun exposure was abundant (9, 10).

With respect of cigarette smoking, Indonesia has one of the highest prevalence of active smokers in the world, with 55.8 % of men aged 10 years and over, compared to just 1.9 % of women of the same age (11). In view of these information, we aimed to assess the Indonesian term newborns' WB BMC and its associated factors.



METHODS


Study Population

We enrolled 45 term infants hospitalized in the newborn nursery of Dr. Sardjito General Hospital from March 2018 to March 2019. Inclusion criteria were gestational age ≥ 37 weeks, appropriate for gestational age (AGA), and medically stable. Infants with major congenital abnormalities, bone disorders, gastrointestinal, or renal diseases were excluded.



Maternal Characteristics

Pre-coded questionnaires were used to collect data on maternal characteristics consisting of maternal age (y), parity, education level, and cigarette exposure during pregnancy. Information on pre-pregnancy weight and maternal height were taken from the maternal health records or reported by the mothers. Pre-pregnancy maternal body mass index (BMI) was calculated as pre-pregnancy weight (kg) divided by height (m) squared. The Institute of Medicine (IOM) classification system was used to categorize BMI (kg/m2): underweight, <18.5; normal, 18.5 to <24.99; overweight, 25 to <29.99; and obese, ≥30 (12). Maternal hemoglobin level (mmol/l) before delivery was taken from medical records. Hemoglobin levels were measured using Sysmex XN-1000 (Sysmex, Kobe, Japan) with flow cytometry method (13). Anemia in pregnancy was defined as hemoglobin level <6.83 mmol/l (= 11 g/dl) (14).



Newborn Characteristics

Newborn characteristics consisted of gestational age, gender, and the anthropometric measurements, that is, weight, length and head circumference, were obtained within 24 h after delivery. Gestational age was defined using the first trimester ultrasonogram or Dubowitz score, when the ultrasonogram information was not available. Weight in grams (g) was measured using calibrated electronic digital scale (Seca 727, Hamburg, Germany) to the nearest 0.1 g. Length was measured using a standard length-measuring board (Seca GmbH & Co. Hamburg, Germany) by two trained nutritionists to the nearest 0.1 centimeter (cm). Head circumference was measured with a non-stretch measuring tape to the nearest 0.1 cm. Infants were classified as AGA if their birth weight were ≥ 10th and <90th percentile for gestational age, using PediTools Fenton 2013 (15).

WB BMC, WB BMC except head, trunk BMC and legs BMC were measured using dual-energy X-ray absorptiometry (DXA; Prodigy: GE-Lunar Corp., Madison, WI, USA) as describe elsewhere (16). Assessment of BMC in newborns using DXA is an accurate method with less radiation exposure and fast scan time (2, 17). Calibration was performed using a calibration block supplied by the manufacturer consisting of tissue-equivalent material with three bone-simulating chambers. For quality control, the baby's body weight measured by the DXA were re-checked using a digital scale (SECA 727). The difference of body weight measurement by DXA and digital scale in this present study was 3.5%.

The BMC was assessed within the first week of life. The mother was asked to breastfeed the baby before being transported to the scanning room to help keep the baby calm and minimize movements during scanning. Babies were placed in a portable carriage and brought to the scanning room. Most newborns became drowsy after swaddling, which facilitated their standardized positioning, thus minimizing movement artifacts in the scanning. During scanning, infants were in supine position on the scan table. The scan began at the top of the head and moved in a rectilinear pattern down the body to the feet. The scan was stopped and repeated if there was a significant movement. BMC was measured in grams (g).



Statistical Analysis

Statistical software SPSS for Windows, version 18.0 (IBM Corp., Chicago, IL, USA) was used to perform data analyses. Data were expressed as means ± standard deviation (SD) or ratio. The associations between WB BMC at birth and the determinants (sex, gestational age, birth weight, birth length, maternal anemia, maternal smoking exposure, and pre-pregnancy BMI) were analyzed using linear regression. The mean differences between subgroups were identified using ANOVA and post hoc Tukey's test. Independent t-test was also used to detect mean difference between two groups. Significance was set at p < 0.05. Because there are no data of newborn BMC available in Indonesia, we decided not to calculate sample size. We start with observational study to evaluate BMC in Indonesian newborns.

The study was approved by the Medical and Health Research Ethics Committee of the Faculty of Medicine, Public Health, and Nursing, Universitas Gadjah Mada, Yogyakarta. Written parental informed consent was obtained from both parents of the study subjects in accordance with the appropriate Ethics Committee requirements.




RESULTS

A total of 45 term AGA newborns consisting of 23 male and 22 female newborns were included in this study. The subjects' characteristics are shown in Table 1. The mean ± SD of the gestational age was 38.7 ± 1.0 weeks (range of 37.0–40.9 weeks), while the mean ± SD of birth weight was 3,134.1 ± 281.1 g (range 2,486 −3,745 g). Most mothers had multiparous pregnancy (60%), normal pre-gestational nutritional status (60%), and no cigarette exposure (82.2%). All mothers with cigarette exposure were passive smokers. Most mothers had no anemia (55.6%). The results of BMC scans were showed in Table 2.


Table 1. Baseline characteristics of the study subjects (N = 45).
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Table 2. Mean ± SD BMC of whole body, whole body except head, trunk and legs.
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WB BMC was significantly higher in male infants compared with female infants (p = 0.028). Infants born to mothers exposed to cigarette smoke had a significantly lower WB BMC than those not exposed (p = 0.046) (Table 3).


Table 3. Mean of bone mineral content according to determinant variables.
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Linear regression analysis showed that sex, gestational age, birth weight, birth length and maternal cigarette exposure were significantly associated with WB BMC at birth (Table 4).


Table 4. Determinants of WB BMC at birth by linear regression analysis.

[image: Table 4]

Multiple linear regression analysis was also performed to assess which variables were independently associated with WB BMC. Variables with p < 0.25 in the simple regression analysis were included in the multiple regression model (18). The results of the multivariate linear regression analysis showed that neonatal factors, that is, birth weight, birth length, and gestational age were positively and independently associated with WB BMC (p = 0.048, 0.017, and <0.001, respectively). Male infants had significantly higher of WB BMC than female (p = 0.025). On the other hand, only maternal smoking exposure was negatively associated the newborns' WB BMC (p = 0.012). Those determinants contribute to almost 50% of the variance of WB BMC (adjusted R2 = 0.55).



DISCUSSION

The present study investigated the association between maternal and neonatal conditions and BMC assessed with DXA in term AGA Indonesian newborns at birth. The results of our study showed that birth weight, -length, gestational age, sex, and maternal smoking exposure had significant associations with BMC.

The International Society for Clinical Densitometry (ISCD) advises that spine and whole body scans be used to diagnose bone disorders in children. However, there are currently no clear guidelines for the infant. In infants, measuring the whole body except head may be preferred because of inaccuracies in the algorithm for determining the BMC of the skull. Spine vertebrae especially the lumbar is recommended because of their speed and precision of measurement, easily identified bony landmarks, and less subjected to movement artifact. However, because of its excellent precision and the fact that it measures overall bone density, the total body is still a preferred site (19). Moreover, data from an earlier study conducted by Gallo and colleagues showed that the WB BMC measurement data up to 6 months were robust and consistent with other studies (20).

The WB BMC observed in this study was much lower than the total body BMC observed in several studies conducted in developed countries. A systematic review of term infants, mostly from developed countries, found a mean WB BMC of 68.8 g and 65.9 g for male and female infants, respectively (2). This systematic review also reported that the highest WB BMC was seen in newborns from North America followed by Europe and Africa while Asian newborns had the lowest WB BMC (2).

It is well-known that vitamin D is essential for mineral-bone homeostasis. Several studies have reported that maternal serum 25-hydroxyvitamin D (25 [OH] D) concentrations are associated with offspring bone mass (21–23). Low levels of vitamin D in pregnant women may be one of the causes of low WB BMC in neonates in Indonesia. A study conducted in the same setting as our present study (Yogyakarta) detected vitamin D deficiency in 90% of cord blood samples (24). Two others studies conducted in two different places in Indonesia found that the prevalence of vitamin D deficiency in early pregnancy was very high, namely in Minangkabau: 82.8% and in Jakarta: 99.6% (9, 10). A study in Korea observed that in winter, maternal low vitamin D status resulted in a marked reduction in WB BMC of the newborn (25). However, a more recent randomized clinical trial reported that vitamin D supplementation during pregnancy did not increase offspring WB BMC compared with placebo (26). Unfortunately, maternal 25 (OH) D levels were not measured in our study.

The supply of calcium from maternal sources plays an important role in the normal development of fetal bones. Maternal hypocalcemia may stimulate intrauterine parathyroid hyperplasia causing poor mineralization of the fetal skeleton (27). Previous research conducted in two different places in Indonesia, that is, Java and Sumatra, shows that the calcium intake of pregnant women in both areas was below the recommended daily allowance (28, 29).

As observed in previous research, the findings of the present study found an increase in WB BMC that was consistent with rising birth weight and length (5, 30). This makes sense because WB BMC is dependent on the size and density of the bone, and WB BMC differences can represent bone size and density differences (31).

Our findings are consistent with the results of a previous study indicating that birth weight and birth length were strongly, positively associated with neonatal bone mass even after adjusting for sex and gestational age (32). In the last trimester of pregnancy, a dramatic increase in calcium transfer across the placenta to fetal circulation will be followed by increased fetal bone mineralization. In a healthy term human fetus, two-thirds of total body calcium is transported during the last trimester. The peak accretion is between 36 and 38 weeks of gestation (33, 34). Hence, under normal uteroplacental circumstances, the more mature the fetus, the better the bone mineralization. Data also showed that birth weight also predicts later bone mass (35).

Our results indicate that there is a significant difference in WB BMC between male and female term infants, in which male infants have a higher WB BMC than female infants. These findings are consistent with previous studies of total body composition which showed that males had relatively more lean and less fat mass than females (36) and bone is a lean body component. The difference in body composition between male and female fetuses is most likely influenced by sex steroid hormones. In utero, the testes produce testosterone, which is believed to increase lean body mass in fetal life. In the first week of life, male infant testosterone levels increase rapidly and nearly match the concentrations achieved in adult males, whereas the ovaries are relatively silent regarding estrogen production, and do not release significant amounts of testosterone during perinatal development (36).

The differences in WB BMC between male and female term infants at birth are, however, still conflicting. Several studies have shown that males have a significantly higher BMC at birth than female infants (6, 37–39). Meanwhile, several other studies at birth observed no difference in male and female newborns WB BMC (5, 16, 35). Data in adults showed that the incidence of osteoporosis and fractures in women is higher than in men, and this is because the bone mass of women is lower than that of men. Data also suggested that these differences might already occur early in life (40). Namgung and colleagues reported that in term infants there were differences in WB BMC between males and females at the beginning of life but not at birth (5). This phenomenon was also supported by other research which found that male infants aged 1–18 months had higher total body bone mass than female infants, even after controlling for weight, length and race (6).

Another important finding in this study is the effect of smoking exposure on bone mineralization. In this study, all respondents who reported exposure to cigarette smoke were not active smokers. This finding is in line with national data, which showed that prevalence of smoking among women in Indonesia was much lower than that of men (11). The results of our study indicated that exposure to cigarette smoke during pregnancy had a detrimental effect on neonatal WB BMC even though these pregnant women were not active smokers. A cohort study conducted in Finland showed the harmful effects of passive smoking in children on their bone health in adulthood (41).

The negative effects of smoking during pregnancy on neonatal bone mineralization had been demonstrated by several previous studies (35, 42). Evidence from an animal study on 4-week-old mice whose mothers were exposed to cigarette smoke observed that cigarette exposure during pregnancy had a negative influence on bone microarchitecture of the offspring (42).

Several possible mechanisms have been proposed to explain the relationship between maternal smoking and infant bone mass. Maternal smoking has detrimental effect on placental function, causing impairment of uteroplacental blood flow and leading to reduce fetal oxygen carrying capacity. Disruption of the placenta will also cause disruption of mineral transport from mother to fetus. Since fetal bone mineralization is determined by the transfer of placental minerals, fetal bone mineral accretion rate and the rate at which fetal bone is resorbed, impaired mineral transport will cause disruption of fetal bone mineralization (5, 43). Another possible mechanism is due to the high concentration of cadmium as a tobacco smoke contaminant which has specific effects on osteoblast function and on trophoblast calcium transport. This condition may interfere with fetal bone development (16, 35). Exposure to cigarette smoke in pregnant women is also suspected to decrease calcium absorption and lead to bone demineralization. Indirectly, this can affect fetal bone mineralization (30).

However, some results from studies investigating the relationship between maternal smoking with offspring's bone mineralization are inconclusive (44). A study published in 1991 found that in full-term infants, bone mineralization was not significantly altered by maternal cigarette smoking. However, this study showed the limitation that the bone mineralization was examined at one third of the distal of the radius (30). This site is not recommended by the ISCD, as there are few normative data for pediatric forearm studies, and the values obtained may only be useful when compared with subsequent studies (19, 45). A recent systematic review aimed at exploring the effect of maternal smoking during pregnancy on the bone mineral density (BMD) of children or neonates concluded that smoking during pregnancy has no direct effect on BMD of the offspring. Other factors such as placental weight, birth weight, and present body size of children may confound the relation between BMD and smoking during pregnancy (46).

One of the weaknesses in research on maternal smoking or exposure to cigarette smoke during pregnancy is that the data on smoking exposure were obtained from subjective measurements such as a self-reporting questionnaire (46). This is also the case in our study.



STRENGTHS AND LIMITATIONS

To our knowledge our study is the first attempt to use DXA in an Indonesian population to measure bone mass in term newborns. The availability of instruments to assess BMC is one of the barriers to conducting research of bone mass in newborns in developing countries. Furthermore, bone mass measurement has often been an area of debate, with many researchers using various methods to report bone mass. However, DXA has been considered to be the gold standard for bone mass measurement and is used in both clinical and academic studies. DXA is also an ideal method because radiation exposure is low and scan time is fast (2).

The small sample size of the research will limit the generalizability of the findings of this study. This disadvantage can, however, be accounted for since all of the study participants were of Javanese origins, which is Indonesia's largest ethnicity. Another limitation of this study is its cross-sectional study design which makes it difficult to assess if our findings are only a temporal effect.



CONCLUSIONS

The WB BMC in our study population was lower than other populations in developed countries. Birth weight, -length, gestational age, sex, and maternal cigarette exposure during pregnancy were independently and significantly associated with WB BMC.
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Objectives: Portal venous gas (PVG) was an important clinical sign in stage II or III necrotizing enterocolitis (NEC) in preterm neonates. Not a proper predictive indicator was found to predict the diseases (NEC with the presence of PVG) up to now. There is a need to put forward predictive indicators and compare the predictive effects among them.

Methods: We conducted a retrospective study of preterm neonates with NEC-PVG (n = 61) or NEC-non PVG (n = 62) from 2014 to 2021. Predictive indicators were put forward and determined by receiver operating characteristic curve analysis. An analysis of the surgical interventions and their outcomes was performed.

Results: The incidence rate of NEC among preterm neonates was 4.99%; surgical and conservative interventions accounted for 20.47 and 75.07%, and the mortality rate was 0.03%. The composition ratio of shock in the NEC-PVG group increased 13.2% (P = 0.029). C-reactive protein, fibrinogen degradation product, and blood glucose had better predictive effects in the predictive indicators (P < 0.05). Intestinal necrosis and subependymal hemorrhage in the outcomes of surgical interventions had a strong relationship with the presence of PVG in NEC II/III (P < 0.05).

Conclusion: Early and reasonable use of antibiotics, improvement of coagulation function, rectification of acidosis, and decreased blood glucose could cut down the occurrence of the disease (NEC with the presence of PVG). Except for subependymal hemorrhage and intestinal necrosis, NEC with the presence of PVG did not increase the occurrence of other outcomes after surgery.

Keywords: predictive indicators, outcomes, necrotizing enterocolitis, portal venous gas, surgical intervention


INTRODUCTION

Necrotizing enterocolitis (NEC) is a serious intestinal disease caused by the combined effects of immaturity, infection, ingestion, ischemia injury, insufficient oxygenation, and immunological factors, which threatens the life of neonates (1). In the neonatal intensive care unit (NICU), the incidence rate of NEC is 2–5% overall and 4.5–8.7% among very low birth weight (VLBW) neonates, and the mortality rate is 20–30% (2, 3). The absolute indication for NEC surgery is intestinal perforation (4, 5), while conservative treatment failure and worsening of the condition are also relative indications for surgery (5). Almost 30–50% of neonates with NEC eventually require surgical intervention. The stricture, short bowel syndrome (SBS) and neurodevelopmental impairment are sequelae for NEC (6). Portal venous gas (PVG) was an important clinical sign in stage II or III NEC in preterm neonates. The detection of PVG on abdominal ultrasound (AUS) (as opposed to on X-ray examination) was proven to be as early sign of impending NEC in VLBW neonates (7), and sonographic findings of PVG (OR = 3.9) were significantly associated with surgery and/or death (8). Moreover, PVG was detected by the AUS with high specificity (86–100%) and proper sensitivity (3–45%) in the diagnostic value of NEC in preterm neonates (9). Although the signs of PVG could be detected by X-ray in the severe NEC as well, repeating the examinations of X-ray increased exposure to radiation and did harm to preterm neonates. Thus, X-ray was not chosen as a predictive indicator in the study. Of the mechanism of NEC (10), changes in inflammation indicators were used at the early diagnosis of infections (11, 12); procoagulant status of coagulation function indicators was found at the start of NEC in prematurity (13); abnormity of blood lactate concentrations in the preoperative period carries a poor prognosis in neonates with NEC (14). However, whether these can be used as the predictive indicators on the disease (NEC with the presence of PVG) is still uncertain. There is an urgent need to find predictive indicators with both high sensitivities and specificity and to compare the predictive effects among them.

This retrospective study not only put forward the proper predictive indicators for the disease but also analyzed the outcomes of surgical interventions whether or not they had the relationship with the presence of PVG in NEC II/III.



MATERIALS AND METHODS


Study Population


The Criteria of Inclusion and Exclusion

Preterm neonates diagnosed with stage II or III NEC with a gestational age (GA) of 25–36 weeks were included in NICU from January 2014 to January 2021, while neonates diagnosed with stage I were excluded. According to the classification of Bell's criterial (15), stage II NEC was diagnosed as neonates with the following symptoms: ①the systemic symptoms: temperature instability, apnea, irritability, or lethargy; ②the gastrointestinal symptoms: abdominal distension, abdominal mass, blood in stools, or abdominal rumbling sound weakening; ③the results of iconography: intestinal obstruction, gas in the bowel wall, PVG, or ascites. Systemic symptoms (persistent low blood pressure, bradycardia, and shock), intestinal perforation, and acute diffuse peritonitis were added to stage III NEC. Stage I NEC was determined as neonates with blood in stools and mild gastrointestinal symptoms that did not reach the criterial of stage II.

Because of congenital intestinal malrotation, deformity of the digestive system, or inherited metabolic diseases, some preterm neonates among them were excluded. As a result, the included neonates with complete clinical data were divided into two groups according to conservative and surgical interventions, as shown in Figure 1.


[image: Figure 1]
FIGURE 1. Flow diagram for patient population of necrotizing exterocolitis.




The Demographic Characteristics

The demographic characteristics of neonates were recorded: the stage of NEC, GA and birth weight (BW), small for gestational age (SGA), male, asphyxia, and last volume of milk. Simultaneously, the characteristics of mothers were recorded: mothers' age, mode of delivery, premature rupture of membranes, turbid amniotic fluid, multiple pregnancies, prenatal use of antibiotics, and main maternal pregnancy diseases (e.g., gestational diabetes mellitus (GDM), intrauterine infection (IAI), hypertension during pregnancy, and anemia in pregnancy).

The characteristics of neonates when NEC happened were recorded, including apnea, temperature instability, shock, ascites, acute peritonitis, and length of stay in hospital. Acute peritonitis was indicated by a triad of peritoneal irritation (tenderness, abdominal muscle tension, and rebound tenderness). Ascites were detected by AUC when NEC occurred. Breathing that stopped for more than 20 s was accompanied by slowing of the heart rate to <100 beats/min, and decreased blood oxygen saturation was diagnosed as apnea. Neonatal shock was defined as changes in skin color, slower skin circulation, decreased limb temperature, weakened femoral artery fluctuations, and decreased blood pressure (16). Temperature instability was diagnosed as rectal temperature lower than 36.0°C or higher than 37.5°C when NEC happened.




Parameter Variables


The Examination of AUS

A total of 123 preterm neonates were divided into two groups: a NEC-PVG group (n = 61) and a NEC-non PVG group (n = 62). PVG refers to the imaging signs indicating the accumulation of gas in the portal vein and its branches in the liver and can easily be identified under AUS with the low echogenic flat background noise of the ordinary bloodstream (17). All preterm neonates were examined by AUS (Volumson S8, General Electric Healthcare ultrasound) to determine whether they had signs of PVG or ascites, once the suspicious systemic or gastrointestinal symptoms of NEC appeared.



The Examination of Laboratory Parameters

Percentage of neutrophils (NEUT%) refers to the percentage of neutrophils in all blood cells. The neutrophil/lymphocyte (N/L) ratio is determined as absolute neutrophil counts (NE) divided by absolute lymphocyte counts (LY). When suspicious symptoms of NEC appeared, routine blood indicators [white blood cells (WBC) count, NEUT%, NE, LY, N/L ratio, platelet count (PLT), and C-reactive protein (CRP)] were measured in venous blood samples (1 ml) using an automatic blood cell analyzer (BC-5390CRP, Mindray Co), and prothrombin time (PT), activated partial thromboplastin time (APTT), D-dimer, and fibrinogen degradation product (FDP) were measured in venous blood samples (2 ml) using an automatic blood coagulation analyzer (CS-5100, SYSMEX Co). Neonates received blood gas analysis (pH value, lactate levels, and blood glucose) with venous blood samples (0.5 ml) using an automatic blood gas analyzer (GEM Premier 4000, Instrumentation Laboratory Co.).




Surgical Interventions and Outcomes

According to the area of necrosis, whether having intestinal perforations or not and clinical symptoms, four kinds of surgical interventions were carried out by surgeon, including laparotomy, enterostomy, intestinal resection and enterostomy, and intestinal resection and anastomosis.

Intraoperative bowel morphology and postoperative complications were recorded for outcomes in both the NEC-PVG group and NEC-non PVG group among neonates with surgery. Intestinal perforation, bleeding, and necrosis were confirmed through the first intraoperative bowel morphology and postoperative pathological results. Intestinal stricture and obstruction were diagnosed in the second intraoperative bowel morphology or postoperative pathological results. If the remaining small intestine was <50% of the length among neonates of the same age and compounded by malabsorption and disordered motility after surgery, SBS was indicated (18). Subependymal hemorrhage was diagnosed by transcranial ultrasound as a sequela after the first surgery of NEC.



Statistical Analysis

The statistical analyses were performed using SPSS Statistics version 26.0 (IBM Corp, Armonk, NY, USA). The demographic characteristics were expressed as the mean ± SD (standard deviation) or the median (P25, P75) for continuous data and number (%) for categories variables. In analyses of continuous data, if fit to a normal distribution, the variables were analyzed by t-tests; if not, they were analyzed by the Mann–Whitney U test. Chi-square tests or Fisher's exact tests were used in the analyses of categorical variables. A receiver operating characteristic curve (ROC curve) was generated to compare the area under the curve (AUC), sensitivity, specificity, and cutoff values. Results with P < 0.05 were considered statistically significant.




RESULTS


Study Population

From January 2014 to January 2021, 718 of 14,387 preterm neonates diagnosed with stage II or III NEC with a GA of 25–36 weeks were recorded. After 15 neonates of congenital intestinal malrotation, 9 neonates of deformity of the digestive system, and 8 neonates of inherited metabolic diseases were excluded, 686 preterm neonates were selected primarily. Among them, 147 underwent surgical intervention and 539 underwent conservative intervention. After excluding the neonates diagnosed with stage I NEC (483 neonates of conservative intervention and 80 neonates of surgical intervention), a total of 123 preterm neonates were eventually included in the study, as shown in Figure 1.

In NICU, the incidence rate of NEC among preterm neonates was 4.99% (718/14,387) within 7 years; among these neonates' surgical interventions were performed in 20.47% (147/718) and conservative interventions accounting for 75.07% (539/718). The mortality rate of NEC in preterm neonates was 0.03% (4/14,387). In the NEC-PVG group, the mean GA was 30.5 ± 2.1 weeks, and the mean BW was 1408.7 ± 329.2 g. In the NEC-non PVG group, the mean GA was 29.9 ± 2.2 weeks, and the mean BW was 1350.7 ± 331.9 g. The demographic characteristics of the neonates among two groups were reported in Table 1.


Table 1. The demographic characteristics of NEC-PVG group and NEC-non PVG group.
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The composition ratio of shock in the NEC-PVG group increased 13.2% compared to the NEC-non PVG group (P = 0.029). There was significant difference of acute peritonitis between two groups (P < 0.01). The composition ratios of apnea, temperature instability, or ascites were similar among two groups (P > 0.05). Compared to neonates (46 days) in the NEC-non PVG group, the median length of stay of the NEC-PVG group was 48 days (P = 0.990).



The Predictive Effects of Laboratory Parameters


The Inflammatory Indicators

An analysis comparing the inflammatory indicators between the two groups of neonates yielded a significant relationship between NEUT% and the disease (NEC with the presence of PVG) (P = 0.001, Table 2). The average value of NEUT% in the NEC-PVG group was much higher than that in the NEC-non PVG group (55.5 ± 18.0 vs. 44.5 ± 16.1), while there was no significant difference in the WBC count between them (P = 0.633). The median LY in the NEC-PVG group (1.84 × 109/L) was significantly lower than that (2.56 × 109/L) in the NEC-non PVG group (P = 0.013), while there were no differences of the median NE (P = 0.373) between them. The N/L ratio in the NEC-PVG group was significantly higher than that in the NEC-non PVG group (P = 0.048, Table 2). CRP was a significantly different between two groups (6.59 vs. 0.82, P < 0.01). CRP showed the largest AUC (0.694), and its specificity (0.86) was larger than those for the N/L ratio and NEUT% (shown in Table 3 and Figure 2).


Table 2. Laboratory parameters of NEC-PVG group and NEC-non PVG group.
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Table 3. ROC values of inflammatory indicators, coagulation function indicators, and blood glucose and lactate level indicators between comparisons of two groups.
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FIGURE 2. Roc curve of predictive indicators between NEC-PVG group and NEC-non PVG group.




The Coagulation Function Indicators

D-dimer and FDP could also be used to predict the disease (NEC with the presence of PVG) among the coagulation function indicators (P < 0.05). Although the sensitivities for D-dimer and FDP were similar (0.36 vs. 0.38), the AUC (0.649) and specificity (0.92) of FDP were larger, as shown in Table 3 and Figure 2. No significant differences of PLT, PT, and APTT were found in the study (P > 0.05).



The Blood Gas Analysis Indicators

Compared to the NEC-non PVG group, lactate levels and blood glucose in the blood gas analysis indicators were both higher in the NEC-PVG group (P < 0.05). The median of PH value in the NEC-PVG group was significantly lower than that in the NEC-non PVG group (7.35 vs. 7.39, P = 0.011). The AUC (0.703) of blood glucose was higher than those of lactate levels, and we eventually chose it as a better predictive indicator (specificity: 0.67; sensitivity: 0.76), as shown in Table 3 and Figure 2.




The Surgical Interventions and Outcomes

Sixty-seven neonates reached the criterial of surgical intervention (5) and underwent surgical intervention within 24 h, and their demographic characteristics were reported in Supplementary Table 1. The majority of the surgical interventions in the NEC-non PVG group were laparotomy 48.0%, while the majority of them in the NEC-PVG group were enterostomy, intestinal resection, and anastomosis, which accounted for 90.5% (Table 4).


Table 4. Surgical interventions and outcomes in neonates with surgery between both groups.
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The composition ratio of intestinal necrosis was 69.0% in the NEC-PVG group and was just 36.0% in the NEC-non PVG group (P < 0.05). Intestinal perforation and bleeding of both groups had no significant differences in the intraoperative bowel morphology (P > 0.05). The composition ratio of subependymal hemorrhage in the NEC-PVG group was higher than that in the NEC-non PVG group (35.7% vs. 8%). Three neonates of NEC-PVG group died after surgery, and only one neonate of NEC-non PVG group died.




DISCUSSION

The incidence rate of NEC, which was 4.99% (718/14,387) in NICU over the 7-year study period, was in accordance with previous reports (2, 3), while the mortality rate was much lower than the reported (0.03%). PVG is associated with more severe NEC and sepsis (19), and it was found to be associated with more acute peritonitis and shock in our study.

In the inflammatory indicators, CRP provided a largest predictive effect than the NEUT% and N/L ratio with the sensitivity of 0.86. Persistently elevated CRP in neonates with NEC suggested associated complications, which required surgical intervention (20). The specificity of CRP levels >4.18 mg/dl for the disease (NEC with the presence of PVG) was 86%, and the sensitivity was 56%. As gram-negative germs produced significantly higher CRP levels than gram-positive germs in VLBW neonates (21), we found that more gram-negative germs (Klebsiella pneumoniae and Escherichia coli) played an important role in increasing CRP levels. NEUT% provided a second predictive effect with a sensitivity of 0.46 and a specificity of 0.84. A significant increase in NEUT% means that neonates with NEC have serious bacterial infections, and the transcriptional regulator C/EBP-α serves a central function (22). A NEUT% higher than 60.4% probably prompted a significantly increased occurrence of the disease, and it was invalid to only study WBC count. Although Maheshwar (23) found a decrease of NEUT% in severe or late period of NEC, we did not find it in the study because of early examination of laboratory parameters for neonates. de Jager et al. (24) pointed out that the N/L ratio was closely related to the inhibition of the body's immune function; additionally, the absolute lymphocyte counts decreased as disease worsened and the body's immune suppression was aggravated in patients with sepsis. This phenomenon also appeared in our study. When the median of absolute neutrophil counts was similar and the median of absolute lymphocyte counts was lower, there was a significant difference of the N/L ratio between two groups. A 2.03 of N/L ratio was considered as the cutoff value for the disease with a sensitivity of 0.49 and a specificity of 0.76.

Giuliani et al. (13) mentioned that neutrophil elastase, CD63, PROS1, HGF, and F12 were upregulated with an overall procoagulant effect, and MFGE8, factor II (thrombin) receptor-like 1 (F2RL1), FGL2, PLAT, PROCR, SERPIND1, and HNF4A were downregulated with a reduction in fibrinolysis and endothelial regeneration in the early period of NEC. As a result, FDP and D-dimer increased and PT and APTT were prolonged. As diseases deteriorated, D-dimer and FDP increased and disseminated intravascular coagulation (DIC) eventually occurred. Similarly, we found that D-dimer and FDP were significantly increased in the NEC-PVG group. FDP increased above 9.15 mg/L, which was in line with the procoagulant effect, and it was selected as a better predictive indicator on account of high specificity (0.92). High levels of FDP and D-dimer increased the risk of thrombosis and bleeding, and we found a higher occurrence of subependymal hemorrhage after surgery in the NEC-PVG group.

Blood lactate levels reflected inadequate global tissue oxygen delivery rather than a local disease process, and there was a significant difference between neonates who had a necrotic bowel and those who had a healthy bowel (14). Lactate levels >1.6 mmol/L, which was associated with more severe illness, predicted a high occurrence of the disease (NEC with the presence of PVG) (sensitivity: 0.59). García et al. (25) pointed out that neonates requiring surgical intervention presented higher values of glycemia at the diagnosis of NEC, and we also found it in the study. Blood glucose was used as a better predictive indicator with both higher sensitivity of 0.67 and specificity of 0.76. The probable explanation for hyperglycemia appearing more often in the NEC-PVG group was that more severe infectious diseases inhibited the release of insulin, cytokines, or endotoxins, reduced glucose utilization, and increased cortisol or catecholamines.

A loss of integrity of the ischemic and necrotic bowel wall may be the mechanism of PVG (26), which allows intraluminal gas to go through the layers of the wall, translocate into the ischemic tissue, or pass directly into the microvasculature. We found that intestinal necrosis was more likely to appear in the neonates of the NEC-PVG group in the intraoperative bowel morphology. A meta-analysis (27) mentioned that PVG was not associated with surgical intervention or severe complications, and we found that except for subependymal hemorrhage, NEC with the presence of PVG did not increase the occurrence of other outcomes after surgery.

Although this was the first study to put forward the predictive indicators of the disease (NEC with the presence of PVG) in preterm neonates following conservative and surgical interventions, because of the strict selected inclusion applied, only 123 of neonates were included. Additionally, the long-term follow-up throughout childhood is necessary, and we will track it continuously.



CONCLUSIONS

CRP, FDP, and blood glucose had better predictive effects to be used as the predictive indicators for the disease (NEC with the presence of PVG). Intestinal necrosis and subependymal hemorrhage in the outcomes of surgical interventions had a strong relationship with the presence of PVG in NEC II/III. Therefore, early and reasonable use of antibiotics, improvement of coagulation function, rectification of acidosis, and a decrease of blood glucose are suggested.
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Background: Although late preterm infants (LPIs) account for the majority of preterm births, they are mistakenly labelled and treated as “near term.” Whether longer initial hospital stay improves their outcomes and lowers readmission is controversial. The aim of this study is to identify maternal and perinatal factors associated with longer hospital stay and to assess the rate of readmission.

Methods: The medical records of LPIs delivered at an academic center in Jordan over a 5-year period were reviewed. They were divided according to their initial hospital stay into: Early discharge group (ED, ≤ 3 days) and late discharge group (LD, > 3 days). Maternal and perinatal factors associated with > 3-day hospital stay were reported. The rate of readmission was compared between both groups.

Results: 2236 LPIs were included in the analysis representing 13% of total births and 81% of premature births. LD group constituted 54%. A thousand two hundred forty three (56%) required admission to NICU. Factors associated with longer hospital stay included maternal prolonged rupture of membranes (AOR 1.9, 95% C.I 1.5, 2.4, p 0.000), C-section delivery (AOR 2.4, 95% C.I 1.9, 3, p 0.001), < 35-week gestation (AOR 3.8, 95% C.I 2.6, 5, p 0.000), small-for-gestational age (AOR 1.9, 95% C.I 1.1, 3.8, p 0.03), birthweight < 2,500 g (AOR 1.3, 95% C.I 1.1, 1.6, p 0.02), NICU admission (AOR 6.3, 95% C.I 3.4, 11.5, p 0.000), RDS (AOR 2.3, 95% C.I 1.5, 3.6, p 0.005), surfactant therapy (AOR 5, 95% C.I 1.9, 13.5, p 0.001), use of CPAP (AOR 1.7, 95% C.I 1.2, 2.2, p 0.001), jaundice (AOR 11.2, 95% C.I 7.7, 16.2, p 0.000), and sepsis (AOR 10.3, 95% C.I 4.8, 22, p 0.000). Readmission rate was 19% among the LD group and 13% among the ED group.

Conclusion: LPIs are at high risk for developing prematurity-related morbidities and the duration of their initial hospital stay can be anticipated based on certain predisposing maternal and perinatal factors. Late discharge of LPIs does not lower the rate of readmission.

Keywords: late preterm, length of stay, perinatal factors, readmission, Jordan


INTRODUCTION

Prematurity remains the leading cause of morbidity and mortality during the neonatal period and early childhood (1). The overall rate of prematurity varies between countries with rates reported between 7 and 20%. Late preterm infants (LPIs) delivered at gestational age (GA) of 34 to 36 6/7 weeks represent the most mature and the fast-growing category of prematurity (1, 2).

The rate of late preterm (LP) delivery has substantially increased over the past decade. Several reports have shown that LPIs constituted about 7–12% of all births and nearly 75% of all premature infants (3). The majority of LPIs are delivered to mothers who present with preterm labor or with premature rupture of membranes (4). Still, some LPIs are delivered due to other obstetric medical indications related to the mother or the fetus including antepartum hemorrhage, hypertension, gestational diabetes mellitus, multiple gestations, and intrauterine growth restriction (5). The increasing rates of assisted pregnancy, labor induction, and elective Cesarean section (CS) delivery have contributed to the increase in the rate of LPI delivery as well (4, 6).

Although LPIs are sometimes called near term infants, this is a misconception as this group of premature babies poses a much higher risk than term babies due to structural and functional immaturity (7). Studies have clearly documented that LPIs are at higher risk of respiratory morbidities, neonatal jaundice, feeding difficulties, hypoglycemia, temperature instability, and sepsis (8, 9). Similarly, the mortality rate and long-term neurodevelopmental outcomes are worse than term infants (10).

The outcome of LPIs has been extensively studied and reported in literature. Several reports have studied the maternal and fetal risk factors associated LPI delivery. Other reports focused on the perinatal outcomes of LPIs according to indication for delivery (5, 11).

Therapeutic and preventive interventions have been targeted toward preterm babies delivered before 34 weeks. This factor together with the falsified assumption that LPIs act like small term infants led to an underestimate of these babies' needs (7). In most practices, LPIs are admitted after delivery to the postpartum mother's room or to the well-baby nursery where they receive routine newborn care. Furthermore, in resource-limited countries like Jordan, most women tend to request discharge from the hospital within 12 h following vaginal birth and before 36 h following C-section, and they request to have their newborn babies discharged with them unless they are getting extra support in the neonatal ICU.

Several studies concluded that shorter postnatal stay is not associated with an increased rate of readmission if proper outpatient follow-up is provided (12, 13). On the other hand, short-term morbidities, readmission rates, and neonatal mortality have been linked to shorter initial hospital stay of newborns in several other reports (14). In the US, a state legislation was implemented in 1996 mandating an in-hospital observation of all newborns for a minimum of 48 h after normal vaginal delivery (15).

Besides the exact gestational age, multiple perinatal and neonatal variables are expected to affect the LOS among LPIs. Most of the reports that studied the LOS have focused on the effect of LOS on the readmission rate (16, 17). While analyzing such a potential association, it should be emphasized that infants with longer LOS often have serious health conditions that warrant higher readmission (12).

In Jordan and nearby countries, data is very scarce about LPIs care practice and outcomes. We, therefore, conducted this review to assess the maternal and perinatal factors associated with > 3-day initial LOS among LPIs who are delivered at King Abdullah University Hospital (KAUH) in North Jordan in the period 2015–2020 and to determine the effect of the initial LOS on readmission.



MATERIALS AND METHODS

We conducted a retrospective single-center analysis of all LPIs delivered at KAUH in the period 2015–2020. KAUH is the only tertiary academic center in North of Jordan that provides healthcare access for more than two million Jordanian population with an annual number of deliveries around 3,500.

Our local hospital protocol is to keep all healthy term infants and LPIs at the hospital for a minimum of 24 h after vaginal birth and 48 h after CS unless parents request earlier discharge and sign a form against medical advice. LPIs born at a GA of 34 to 34 6/7 weeks or with a birth weight of <2,000 g are initially admitted to the NICU for 48 h. Discharge criteria include stable vital signs for 24 h, stable respiratory status without requiring any oxygen support, and reasonably tolerating enteral feeding. Close follow up of serum bilirubin within 24–48 h is scheduled for all LPIs and an appointment at the outpatient clinic is scheduled within 5–7 days.

All LPIs who were delivered during the study period were included in the data collection. A list of the included infants was obtained from the hospital electronic database. Excluded from the analysis were LPIs with major congenital anomalies, chromosomal abnormalities, or with <1,500-g birthweight as these conditions are expected to require longer NICU stay and might contribute to skewness of the results.

Data collection was conducted by well-trained interns and medical students using pretested variables and documented in an excel spreadsheet.

Collected maternal variables include age, parity, employment, previous CS delivery, assisted pregnancy, antenatal care attendance, antenatal steroid, and pregnancy complications. Delivery related variables include gestational age, induction of labor, prolonged premature rupture of membranes (PPROM), mode of delivery, and type of anesthesia.

Neonatal variables include gender, birth weight, weight for GA status, and whether a singleton or multiple gestation.

We also collected data about neonatal outcomes including Apgar score, admission to NICU, morbidities like respiratory morbidity and support, hypoglycemia, hypothermia, neonatal jaundice, sepsis, congenital anomalies, discharge weight, duration of hospitalization, and readmission within 28 days after discharge.

Respiratory distress syndrome (RDS) and transient tachypnea of the newborn (TTN) were diagnosed in babies with signs of respiratory distress and typical CXR findings (18). Neonatal jaundice was diagnosed and treated according to the AAP guidelines (19). The term small-for-gestational age (SGA) was used for any baby with a birth weight below the 3rd centile for age based on Fenton growth chart, while large-for-gestational age (LGA) was used if it falls above the 97th centile (20).

LPIs were divided into two groups, the “early discharge” group (ED) refers to those who were discharged from the hospital within 3 days from the time of birth. The “late discharge” group (LD) refers to those who had an initial LOS of more than 3 days. We chose 3 days as the cutoff since the median length of stay among our cohort was 3 days. Both groups were compared in terms of maternal and perinatal characteristics and neonatal outcomes including readmission rate.

The primary outcome was to assess maternal and perinatal factors associated with longer hospital stay or late discharge beyond 3 days. The secondary outcomes were the rates of morbidities such as RDS, respiratory support, hypothermia, hypoglycemia, jaundice, sepsis, and readmission rate.

Statistical analysis was performed using IBM SPSS Statistics Version 25 (Armonk, NY, IBM Corp). Data were presented as frequency distributions and percentages for categorical variables and mean ± standard deviation (SD) for continuous variables. Pearson χ2 test was used to evaluate the significance of association between categorical variables, while student's t-test and one-way ANOVA were applied to examine the significance level for continuous normally distributed variables. A P-value ≤ 0.05 was considered statically significant. If a significant relationship was observed, a post-hoc residual analysis for categorical variables and a Fisher's test for continuous variables were applied to determine the exact significance between groups for each variable. After identification of maternal, neonatal, and perinatal factors with significant association with a LOS of > 3 days based on p-values of < 0.05, a binary logistic regression model was performed to study the multiple effects of different variables on the LOS. Adjusted OR with 95% C.I were accordingly reported.



RESULTS

A total of 2,265 LPIs were delivered at KAUH during the 5-year study period representing a rate of 13% of the total number of births (17,420) and 81% of the total premature births (2,796). Twenty-nine LPIs were excluded (four with chromosomal anomalies, five with neural tube defects, one with congenital diaphragmatic hernia, two with intestinal atresia, two with complex congenital heart disease, and 15 VLBW < 1,500 g). Of the 2,236 LPIs included in analysis, 1,137 (51%) were males and 1,915 (86%) were born after 35-week gestation. The majority (88%) of LPIs were appropriate-for-gestational age with a mean birth weight of 2,575 (± 485) g while only 185 (8.3%) were SGA.

Mothers of the included LPIs were mostly 21–35 years old (1,642, 73%), multiparous (1,715, 76%), and non-employed (1792, 80%). Antenatal care attendance was ascertained in 989 (44%) and antenatal steroids were administered for 740 (33%). Five hundred thirty-five (24%) presented with PPROM, 282 (13%) required induction of labor for medical reasons while 1,719 (77%) delivered by Cesarean section (CS) of whom 716 had an emergency procedure (Table 1).


Table 1. Maternal and neonatal characteristics.

[image: Table 1]

More than half (54%, 1,216) stayed at the hospital for > 3 days (LD group) and 1,243 (56%) required NICU admission. Compared with the ED group, LPIs in the LD group were more likely to have a GA of < 35 weeks (22 vs. 6%, p < 0.005), a birth weight below 2,500 g (54 vs. 39%, p < 0.005), be SGA (11 vs. 5%, p < 0.005), and be a product of multiple gestation pregnancy (26 vs. 20%, p = 0.001). Maternal and perinatal factors of significant association with LD included non-employment (83 vs. 77%, p = 0.001), assisted pregnancy (18 vs. 10%, p < 0.005), antenatal steroids (39 vs. 26%, p < 0.005), pregnancy complications (30 vs. 22%, p < 0.005), maternal PPROM (28 vs. 19%, p < 0.005), CS delivery (83 vs. 70%, p < 0.005), and the use of general anesthesia (25 vs. 20%, p < 0.005) (Table 2).


Table 2. A comparison of maternal and perinatal factors according to the length of stay.
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Table 3 shows the clinical outcomes of the included infants. One hundred and six (5%) had a 5-min Apgar score of < 7, 509 (23%) were diagnosed with RDS or TTN, 137 (7%) received surfactant, 373 (17%) developed jaundice requiring therapy, 102 (5%) had sepsis, 40 (22%) had hypoglycemia, and only 10 (<1%) had hypothermia. Of the 362 (16%) LPIs who were readmitted to the hospital within 28 days after discharge, 230 belong to the LD group accounting for a rate of 19% compared with 132 (13%) among the ED group (p-value 0.001). The main indications for readmission were neonatal jaundice and suspected sepsis. The median age at readmission was 10 (25–75% IQR 5, 16).


Table 3. Neonatal outcomes of late preterm infants.
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After identification of maternal, neonatal, and perinatal factors with significant association with a LOS of > 3 days based on p-values of < 0.05, a binary logistic regression model was performed and the factors with persistent significance were reported. Determinants of a > 3-day LOS included maternal PPROM (AOR 1.9, 95% C.I 1.5, 2.4, p 0.000), CS delivery (AOR 2.4, 95% C.I 1.9, 3, p 0.001), GA < 35 weeks (AOR 3.8, 95% C.I 2.6, 5, p 0.000), SGA (AOR 1.9, 95% C.I 1.1, 3.8, p 0.03), birth weight < 2,500 g (AOR 1.3, 95% C.I 1.1, 1.6, p 0.02), NICU admission (AOR 6.3, 95% C.I 3.4, 11.5, p 0.000), RDS (AOR 2.3, 95% C.I 1.5, 3.6, p 0.005), surfactant therapy (AOR 5, 95% C.I 1.9, 13.5, p 0.001), use of CPAP (AOR 1.7, 95% C.I 1.2, 2.2, p 0.001), jaundice (AOR 11.2, 95% C.I 7.7, 16.2, p 0.000), and sepsis (AOR 10.3, 95% C.I 4.8, 22, p 0.000) (Table 4).


Table 4. Binary logistic regression of maternal and perinatal factors associated with late discharge > 72 hours among late preterm infants.
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DISCUSSION

In this single-center 5-year retrospective analysis from a major tertiary center in Jordan, we reported that LPIs accounted for 13% of the total births and 81% of the premature births. This study analyzed the maternal and perinatal factors associated with late hospital discharge > 3 days and its effect on readmission. We identified maternal PROM, C-section delivery, < 35-week gestation, SGA, birthweight < 2,500 g, NICU admission, RDS, surfactant therapy, use of CPAP, jaundice, and sepsis as major factors associated with late discharge and concluded that a longer initial hospital stay does not necessarily lower the incidence of readmission.

Globally, the rate of prematurity has not been significantly decreased despite the advance in neonatal care. However, there has been a shift in the level of prematurity with a substantial rise in the number of LP births over the past 5–10 years (1), (2). In 2019, the US rate of LP birth was reported to be about 7.5% among all births and 73% among premature births (2, 3). In Saudi Arabia, Al-Qurashi et al. reported a prematurity rate of 6.5% with 75% being LPIs (21). In Jordan, the rate of LP birth was previously reported in 2010 from a single-center review over one-year period and found to be 7.8% (22). The higher rate of 13% reported in our analysis could be attributed to the fact that our center is the only tertiary center in North Jordan where most women with high-risk pregnancies including preterm labor, PPROM, and multiple gestations are transferred for delivery.

Our study showed that LPIs delivered before 35-week gestation or with low birth weight (LBW; < 2,500 g) particularly small for gestational age (SGA) infants were more likely to stay at the hospital for more than 3 days. These factors remained significant after correction for confounders in binary logistic regression model. Factors affecting the LOS have been previously studied, but most studies focused mainly on comparing LPIs with very preterm infants or LPIs with early term infants and concluded that LOS increases by decreasing GA (12, 23). In a national US study about factors affecting LOS among LPIs, Aly et al. reported that < 35-week gestation and LBW were significantly associated with a longer LOS (24). The prediction of longer LOS among this high-risk group of premature infants based on certain clinical and demographic factors might be utilized as a core element to establish healthcare guidelines that focus on provision of high-quality care, modification of discharge criteria, and improving the antenatal counseling of pregnant mothers with potential delivery before term gestation considering their cultural background and preferences.

Our study highlighted that maternal PPROM and NICU admission were associated with late discharge of LPIs. Although PPROM is an indication for NICU admission in our hospital protocol, it should be clarified that our local policy is to admit all infants delivered after PPROM to the NICU for observation immediately after delivery and to be discharged after 48 h if they meet the discharge criteria. The overall rate of NICU admission among the LPIs included in our cohort was 56% which is quite similar to the rate reported from USA (56%)(25) and from Egypt (53%) (26), a nearby Arab country, compared with 30% in Turkey (27). In a previous report, we found that maternal PPROM was the major indication of NICU admission among term infants (28).

The rate of Cesarean section delivery in the current study was 77%. This very high rate can be explained by the high percentage of high-risk pregnant women who are referred to our center for delivery including women with a previous CS (1,010, 45.2%). We found CS delivery to be a major determinant of longer LOS. This finding is in line with what has been previously reported in many studies (24, 29). For example, in the USA, Aly et al. reported that CS was associated with longer LOS among LPIs regardless of their GA category. Besides the increase in maternal request, many obstetric care providers tend to perform early CS in high-risk pregnancies mainly in multiple gestations and after assisted reproduction (30). The compliance with the American College of Obstetrics and Gynecologists' (ACOG) recommendation regarding avoiding elective CS delivery at late preterm and early term infants should be always emphasized in obstetric centers to avoid preventable prematurity-related morbidities among this high-risk group of infants in order to decrease their LOS and improve their outcomes (31).

The present study highlighted the main morbidities identified in this high-risk group. RDS, TTN, hyperbilirubinemia, and sepsis were the main complications encountered during NICU stay. Most LPIs who developed these complications stayed at the NICU beyond 3 days. This finding is not different from the mounting reports published previously from all over the world which indicated that LPIs have more complications than term infants (5, 32, 33). The rates of hypoglycemia (1.8%) and hypothermia (<1%) among our cohort were much lower than other studies (7, 8). This emphasizes the importance of local hospital policies and protocols of handling of LPIs, implementing skin-to-skin care with the mother, and early initiation of breastfeeding and frequent enteral feedings in stable infants. In the US, Baker compared the LPIs' outcomes between 2008 and 2013 at an urban Medical Center and concluded that the implementation of clinical practice guidelines in caring for LPIs had reduced the overall LOS and decreased the rates of hypoglycemia and hypothermia (34).

The high risk of readmission among LPIs has been well studied and potentially explained by the underestimate of their needs in the immediate postnatal period (14, 16, 17). Evidence about safe early newborn discharge is inconclusive. In infants who meet the criteria for discharge, it is not clear if longer length of stay (LOS) to provide longer observation of the newborns and maternal counseling would improve their outcomes. In our cohort, the mean and median initial LOS were 4.6 (±6) and 3 (IQR 2,5) days respectively with a readmission rate of 16%. In a smaller review from Lebanon, the rate of readmission was 7.9% following early discharge before 48 h (35). The main indications were consistent with most other reports worldwide and included hyperbilirubinemia and sepsis evaluation due to feeding difficulties (14), (36). Several studies addressed the rate of readmission among LPIs and considered it as a main indicator about the quality of care provided to this high-risk group. Escobar et al. reported a three-fold increase in the rate of readmission among LPIs compared with term infants and concluded that infants who were not admitted to the NICU or those with short NICU stay were more likely to be readmitted within 2 weeks This was more obvious in the more mature 36-week infants (17). Despite that, there is a conflicting evidence about the effect of initial LOS on readmission rates (37). Although longer initial hospitalization might theoretically prevent readmission, discharge from the hospital should not be postponed for infants who meet the discharge criteria. In the present study, the rate of readmission was 19% among the “LD” group compared with 13% among the “ED” group. This could be explained by the fact that LPIs who stayed longer were sicker and so posed a higher risk of having more serious complications. Same finding was highlighted in a national study from UK about all neonatal admissions at National Health Service hospitals reporting a rate of 10.6% among LPIs with a higher risk reported among those with a longer initial LOS (37). The risk of rehospitalization among LPIs extends beyond the neonatal period (38). McLaurin et al. studied the rate of rehospitalization in the first year of life and reported a rate of 15.2% with an increased chance of readmission in neonates with a >4-day initial hospital stay (39). Since most LPIs' readmissions reported by different studies are due to worsening jaundice and suspected sepsis with poor feeding, it is vital to council mothers about the proper breastfeeding technique and frequency of feeding and to arrange for close follow up at the outpatient clinic after discharge (40).

Although the number of LPIs included in our analysis exceeds the number included in many other reports, this study is not without limitations. The main limitation is being a single-center retrospective review where the accuracy of the documented data could not be validated in all cases. The poor generalizability of our results is another limitation for the same reason. Stratification of LPIs according to different gestational ages and reporting the LOS determinants, clinical morbidities, and readmission rates accordingly might give a more valid insight to their outcomes given the innate difference in physiology and functional maturity encountered with each week change in gestational age.

In conclusion, late preterm birth constitutes the main category of prematurity and LPIs remain at risk for prematurity-related morbidities and subsequent readmission. Although certain maternal and perinatal factors can be utilized to anticipate the length of initial hospitalization, a longer initial hospital stay does not necessarily lower the incidence of readmission.


Implications and Suggestions

Local hospital protocols should be adjusted to deliver an ongoing assessment of LPIs to identify their inherent risks in order to provide them with appropriate care that meets their actual needs. Implementing policies to avoid elective deliveries at late preterm and early term gestation is essential. Quality improvement initiatives addressing the discharge timing and close outpatient follow up are key points to improve the overall outcome and to minimize the readmission rates. A multi-center future research is needed to better understand the outcome of LPIs at a national level.
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Postnatal growth restriction has high prevalence in very low birth weight (VLBW) preterm neonates, and this could affect their long-term prognosis. Nowadays, there is no consensus on how to monitor growth in these neonates.

Objective: This study aimed to compare prevalence of intra- and extrauterine growth restriction (IUGR and EUGR) in a sample of VLBW infants according to the Fenton 2013 charts and INTERGROWTH-21st (IW-21) standards and to analyze concordance between both in the different EUGR definitions criteria (cross-sectional, dynamic, and true).

Patients and Methods: An observational retrospective study of 635 VLBW preterm was performed. The study was carried out in Central University Hospital of Asturias. Body measurements (weight, length, and head circumference) were collected at birth and at hospital discharge and expressed in z-scores for the two references (Fenton 2010 and IW-21). Kappa concordance was calculated.

Results: Kappa concordance between Fenton and IW-21 was 0.887 for IUGR and 0.580 for static EUGR. Prevalence was higher according to Fenton in IUGR (36.5 vs. 35.1%), in static EUGR (73.8 vs. 59.3%), and in dynamic EUGR (44.3 vs. 29.3%). Despite observing low prevalence of EUGR when IW-21 was used to define EUGR, a statistical association between neonatal morbidity and diagnosis of EUGR was observed.

Conclusion: The Fenton and IW-21 concordance for IUGR is good. IW-21 is more restrictive than Fenton in EUGR. Patients diagnosed by IW-21 as EUGR are more likely to have neonatal morbidity, especially if we use EUGR dynamic definition. In our study, we cannot conclude that one graph is better than the other.

Keywords: newborn, extrauterine growth restriction, intrauterine growth restriction, very low birth weight, nutrition


INTRODUCTION

Preterm infants are at risk of extrauterine growth restriction (EUGR) as a consequence of their own intrauterine growth restriction (IUGR), immaturity, and related morbidities, usually associated with food intolerance, inadequate nutrition, and elevated metabolic needs during their hospital admission (1, 2). These changes in growth could have short- and long-term consequences such as growth failure, cardiovascular risk, and developmental disabilities (3–6).

Today, there is no international consensus regarding how to monitor growth of premature infants, especially in those who are very low birth weight (VLBW) infants (7, 8), which in turn are the group of premature babies with the highest risk of growth disturbance. Doubts arise in two directions: what graphs or standards to use as normality reference and what criteria to use to classify IUGR and EUGR.

Since 1977, the American Academy of Pediatrics (AAP) has recommended the use of fetal growth charts during pregnancy to monitor postnatal growth. However, it is not usual for a premature infant to present the same postnatal growth pattern once born. With these references, a high percentage of VLBW infants will be classified as EUGR at discharge (9, 10). VLBW infants usually often fail to gain weight as expected based on intrauterine growth charts (7, 11).

By now, Fenton growth charts have been the most used references to monitor postnatal growth. They were made with somatometric data obtained at birth from fetus according to gestational age (GA) and sex from almost 4 million births from different countries, and they were updated back in 2013. The Fenton charts continue with the World Health Organization (WHO) growth charts at 50 weeks postmenstrual age (PMA). These charts have variability in the measurement methods and do not take into account the physiological loss of weight that occurs after delivery (12).

In recent years, a paradigm shift has emerged. It is preferred to use growth standards of healthy preterm infants than graphics based on cross-sectional somatometric data from fetus at birth (8). Based on these recommendations, the INTERGROWTH-21st Proyect (IW-21) was made prospectively with postnatal growth standards. IW-21 charts include patients from eight countries and overlap WHO growth charts at 64 PMA and are universally applicable (8, 13). In IW-21 growth standards, whose data were prospectively collected between 2009 and 2014, low-risk healthy women who conceived spontaneously with a reliable estimate GA from first trimester without IUGR were eligible to participate. Standardized anthropometric measurements were made in preterm births from this cohort (13).

Although IW-21 charts seem to be better than Fenton, their use is not widespread in daily practice. Besides, the growth chart we use (Fenton vs. IW-21) will influence the prevalence of IUGR and EUGR because this varies widely according to the standards used to monitor postnatal growth (14, 15).

On the other hand, there is no consensus in how to define EUGR. It can be defined in two ways: transversal (cross-sectional) or longitudinal (dynamical). The cross-sectional definition uses a specific time (typically at time of discharge or at 36 weeks PMA) and includes those patients having a weight below the 10th percentile. The longitudinal (dynamical) definition includes those patients with a weight loss of more than 1 or 2 standard deviation (SD) from birth to discharge or at 36 weeks PMA. Some studies point out a better prognostic utility when dynamic definition is used (14). Recently, a new concept of “true EUGR” has started to be discussed: non-IUGR patients at birth are EUGR at 36 weeks or discharge. This new “true EUGR” avoids EUGR patients with IUGR at birth who probably does not have a growth problem of postnatal origin, maybe as a result of a continuation of impaired growth that began at fetal time (16).

Given the high incidence of EUGR during neonatal intensive care unit (NICU) stay in VLBW infants and its possible effect in long-term growth (17) and neurological development (5, 6), it is very important to define which growth chart must be used and how to better define EUGR to monitor the postnatal growth. For this reason, the objective of our study was to compare IUGR and EUGR (static, dynamic, and true) prevalence according to the Fenton and IW-21 standards, looking for concordance between both and analyzing neonatal factors associated with these classifications.



MATERIALS AND METHODS

A clinical retrospective study was designed. A total of 792 VLBW preterm neonates who weighed <1,500 g at birth were eligible to participate in the study during a period of 16 years, from January 2002 to December 2017. The study was carried out in the Neonatology Unit of the Central University Hospital of Asturias (Oviedo, Spain), a third-level hospital that is reference for a population of 1 million inhabitants and with about 5,000 deliveries a year. From the initial population, 635 patients were finally studied (Figure 1 shows the flowchart of the included patients).


[image: Figure 1]
FIGURE 1. Flowchart of the sample according to inclusion criteria and study population. VLBW, Very low birth weight.


All patients were included at birth in a perinatal morbidity database (SEN1500) after an informed consent was given their parents or legal guardian (18). Exclusion criteria were as follows: GA <24 weeks, death before hospital discharge, major congenital malformations, chromosomopathies, and congenital embryopathies with growth impairment (such as congenital infection by cytomegalovirus).

The study has been carried out in accordance with The Code of Ethics of the World Medical Association (Declaration of Helsinki) and was approved by the Research Ethics Committee of Principado de Asturias (CEIm PA, SPAIN). The recommendations of the Spanish Society of Neonatology were followed at all times regarding the early introduction of trophic and parenteral nutrition. It should be noted that the study took place in a period of 16 years, so nutrition recommendations have been changing, adapting to current international recommendations. Parenteral nutrition and trophic enteral nutrition were introduced in the first 24 h of life, fortifying breastfeeding when an enteral feeding volume reached 100 ml/kg/day.

Weight (W), length (L), and head circumference (HC) were expressed in mean and SDs (z-scores) using the Fenton 2013 and IW-21 references at birth, at 28 days, and at hospital discharge. In one male patient, the z-score for Fenton at discharge could not be calculated because he was discharged at 60 weeks GA (z-score unavailable). Neonates were classified as IUGR if their birth weight was below the 10th percentile. Body mass index (BMI) was calculated using the weight and length data using the following formula: (g/cm2) * 10. Subsequently, the z-score BMI was calculated using the Olsen references (19). Values were expressed as mean and SD.

EUGR was defined in a transverse-static way (weight at discharge below the 10th percentile using the Fenton and IW-21 references) and longitudinally dynamically (decrease >1 SD between birth and hospital discharge using Fenton and IW-21). “True EUGR” was defined as the EUGR (static or dynamic criteria) in non-IUGR patients.


Statistical Analysis

Data were analyzed using IBM SPSS statistical software, version 22.0 (IBM®). Quantitative variables were expressed as mean with SD, and qualitative variables as absolute number and percentage. Chi-square test was used for the comparison of qualitative variables, while for the quantitative variables, parametric tests (Student's t-test) were used when the sample followed a normal distribution. Kappa coefficient was used to see the concordance between the IW-21 and Fenton references.

Receiver operating characteristic (ROC) curves were used to compare the discriminatory power of the decrease in z-score in the first 28 days of life in EUGR prediction. Area under the curve (AUC) was calculated for each decrease in z-score to diagnose the outcome variable (EUGR in its different definitions) in both graphs.

Multivariate logistic regression (enter method) analysis for dynamic and static “true EUGR” in weight was conducted in each growth chart to determine factors influencing “true EUGR.” The significance level adopted was 5%.




RESULTS

Mean GA was 30.2 ± 2.5 weeks. Mean W, L, and HC at birth were 1,173 ± 239 g, 38.1 ± 3 cm, and 26.4 ± 2.1 cm, respectively. Two hundred eight cases (32.8%) came from multiple births and 107 (16.9%) from in vitro fecundation gestation. A proportion of 57.8% (367) of the mothers completed a full dose of prenatal corticosteroids, and 72.9% (463) delivered by cesarean section. Morbidities during the neonatal period can be seen in Table 1.


Table 1. Characteristics of the study population.
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The proportion of children identified as IUGR using the 10th percentile of the IW-21 references for W, L, and HC was 35.1, 29.8, and 34.8%, respectively, and was 36.5, 26.8, and 34.8%, respectively, using Fenton. Kappa concordance between both was 0.887 for W, 0.856 for L, and 0.806 for HC (Table 2).


Table 2. IUGR comparison using Fenton and IW-21 (weight, length, and head circumference).

[image: Table 2]

Patients identified by Fenton and IW-21 (both) as IUGR compared with the rest of the patients (non-IUGR in both) had a significantly higher GA and presented fewer complications associated with prematurity [lower risk of respiratory distress syndrome (RDS), intubation in resuscitation at birth, bronchopulmonary dysplasia (BPD), need for parenteral nutrition at 28 days, intraventricular hemorrhage (IVH), and sepsis] (Table 3). Comparing the patients who were only identified by Fenton with those who were only identified by IW-21, there were no significant differences except a predominance of male and a significantly lower W at birth in IW-21.


Table 3. Comparison of neonatal morbidity in IUGR and non-IUGR patients for both charts.
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If we focus on IUGR, IUGR patients met the static EUGR criteria in 97% of cases using the Fenton graphs and in 87.9% using IW-21. However, IUGR was a protective factor for the development of dynamic EUGR, occurring only in 29% using Fenton and in 10.8% using IW-21.


Static Extrauterine Growth Restriction (<10th Percentile at Hospital Discharge)

With a cross-sectional cutoff point, the proportion of infants identified as EUGR according to Fenton and IW-21 with respect to W, L, and HC was 73.7 and 53.9%, 63.5 and 57.6%, and 23.5 and 25.9%, respectively. Furthermore, 20% (127 children) identified by Fenton as EUGR had no IW-21 EUGR. Kappa concordance between both classifications was 0.58 in W, 0.803 in L, and 0.852 in HC.

A third of all static EUGR patients (30.9% in IW-21 vs. 35.5% in Fenton) had previous history of IUGR.

Analyzing the subgroup of patients with birth weight <1,000 g (N = 161), we observed that only 23.6% (38) achieved a discharge weight above the 10th percentile using IW 21 vs. 13% (20) using Fenton, maintaining good concordance between both classifications (Kappa = 0.613) (Table 4).


Table 4. Static EUGR in weight (<10th percentile at hospital discharge) in <1,000 g.
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Dynamic Extrauterine Growth Restriction (Decrease > −1 SD at Hospital Discharge)

Dynamic EUGR (decrease in more than 1 SD between birth and hospital discharge) according to Fenton and IW-21 for W, L, and HC was 44.3 and 29.3%, 58.3 and 43.8%, and 13.7 and 12.6%, respectively. We observed that 15.3% of children diagnosed as dynamic EUGR in the Fenton charts for W did not have dynamic EUGR according to IW-21. Kappa concordance in dynamic EUGR diagnosis was 0.672 for W, 0.619 for L, and 0.704 for HC.

Table 5 shows the prevalence of IUGR, EUGR (static and dynamic), and “true EUGR” (static and dynamic), expressing Kappa concordance.


Table 5. Prevalence of IUGR, EUGR (static and dynamic), and “true EUGR” according to Fenton 2013 and INTERGROWTH-21st and Kappa concordance between both classifications.
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True Extrauterine Growth Restriction

True static EUGR (EUGR prevalence in non-IUGR VLBW) was 35.7% using IW-21 standards and 60.4% using the Fenton curves.

Patients who experienced static true EUGR according to IW-21, in comparison with non-true EUGR, were more frequently male; had lower GA and lower birth weight; had longer hospitalization stays; and frequently suffered from more retinopathy of prematurity (ROP) ≥stage 2, necrotizing enterocolitis (NEC), mechanical ventilation, BPD, late-onset sepsis, hypotension, anemia requiring transfusion, acute kidney injury (AKI), patent ductus arteriosus (PDA), and RDS; and had more parenteral use at 28 days of life; and their BMI was significantly lower. Patients who experienced static true EUGR using Fenton had experienced similar comorbidities, although no association was seen with hypotension, AKI, and parenteral nutrition use at 28 days of life (Table 6).


Table 6. Static and dynamic “true* EUGR” compared with “true* non-EUGR” and their comorbidities for INTERGROWTH-21st and Fenton 2013.
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In dynamic true EUGR (decrease of more than 1 SD at discharge in non-IUGR patients), prevalence was 39.6% in IW-21 and 52.7% in Fenton. Patients with dynamic true EUGR using IW-21 have a higher risk of having comorbidities than when we used true static EUGR. In dynamic true EUGR, relative risks of presenting each complication are higher, and the relationship between the development of periventricular leukomalacia (PVL) and dynamic true EUGR is added.

Dynamic true EUGR according to IW-21 showed a history of significantly higher incidence of sex male, intubation during resuscitation at birth, RDS, mechanical ventilation, late sepsis, anemia requiring transfusion, NEC, PDA, hypotension, parenteral nutrition at 28 days, ROP ≥stage 2, BPD, PVL, and grade 3–4 IVH. In dynamic true EUGR according to Fenton, there was no association with male sex, hypotension, leukomalacia, and grade 3–4 IVH, but there was association with the rest of the morbidity levels.

Logistic regression analysis with the risk factors for the development of true EUGR (static and dynamic) is presented in Table 7. Independent variables related to the development of static “true EUGR” using IW-21 were GA, birth weight, male sex, RDS, anemia, ROP ≥stage 2, and NEC. Independent variables related with static “true EUGR” according to Fenton were GA, birth weight, male sex, RDS, and anemia. Independent variables related to the development of dynamic “true EUGR” using IW-21 were lower GA, male sex, RDS, and anemia. In dynamic “true EUGR” according to Fenton, independent variables related were male sex, RDS, and ROP ≥stage 2.


Table 7. Logistic regression analysis of risk factor for static and dynamic true EUGR with Fenton and IW-21.

[image: Table 7]



Influence of the First 28 Days of life

Greater decrease in W z-score (IW-21 and Fenton) in the first 28 days of life was directly related with greater risk of static and dynamic EUGR at hospital discharge, more important with dynamic criteria and with IW-21 standards (Figure 2). In IW-21, ROC-AUC in dynamic EUGR was 0.849 (95% CI 0.816–0.882), and ROC-AUC in static EUGR was 0.610 (95% CI 0.566–0.654). In Fenton, ROC-AUC in dynamic EUGR was 0.805% (95% CI 0.764–0.835), and ROC-AUC in static EUGR was 0.566 (95% CI 0.514–0.617).


[image: Figure 2]
FIGURE 2. ROC cube: relationship between decrease Z score in the first 28 days of life and risk of EUGR (A) INTERGROWTH-21st dynamic-EUGR. (B) INTERGROWTH-21st static-EUGR. (C) Fenton dynamic-EUGR. (D) Fenton static-EUGR). EUGR, Extrauterine growth restriction.




Changes Over Time

Dividing the period into octens (2002–2009 vs. 2010–2017), we observed that there were no significant differences in the prevalence of newborns <28 weeks (21.5 vs. 17%); neither in IUGR (Fenton 34.2 vs. 39%, IW-21 32.7 vs. 37.7%) nor in static EUGR (Fenton 75.2 vs. 72.4%, IW-21 56.7 vs. 51.1%).

However, we found a significantly lower prevalence of dynamic EUGR (Fenton 51.5 vs. 36.5%, IW-21 37.1 vs. 21%) (p < 0.0001).




DISCUSSION

In this retrospective study, we analyzed the prevalence of IUGR at birth and EUGR at discharge in VLBW infants using two different growth charts (IW-21 and Fenton 2013) and in EUGR using three different criteria. The use of these different classifications is important because of the medium- and long-term consequences that they can define. In our series, with the use of both graphs and a cutoff point in the 10th percentile, IUGR frequency was 33.2, 25.4, and 30.4% for W, L, and HC, respectively.

When we analyzed IUGR data independently with each growth chart, we observed that IW-21 and Fenton classify them similarly (IW-21: 35.1, 28.8, and 34.8% vs. Fenton: 36.5, 26.8, and 34.8%, for W, L, and HC, respectively) with a high level of agreement (Kappa > 0.8). When we compared the morbidity between IUGR for both vs. non-IUGR for both charts, we observed that IUGRs for both had less frequency of morbidities, probably related to having a higher GA (32.3 ± 2.2 vs. 29.2 ± 2.2 weeks, p < 0.000). No significant differences were observed in morbidities of patients in whom both graphs differ when defining IUGR. IUGR frequency in our series is higher than that of other studies (10–20%) (15, 20, 21), probably due in large part to the use of birth weight instead of GA as a selection criterion. This frequency is similar to the total of the SEN1500 network (33.3%) (22).

Lebrao et al. (23) in a retrospective study with 26–33 weeks preterms (n = 173) showed that IW-21 and Fenton were similar for classifying IUGR by weight (35.2 vs. 39.2%). In Barreto's series, which included 2,489 newborns between 34 and 41 weeks, fewer patients were only identified as IUGR using IW-21 (13 vs. 8.7%) (21). However, Tuzun et al. (17), using newborns under 32 weeks GA, identified more IUGR (15 vs. 12%) with IW-21.

Today, there is great controversy about which classification to use to define EUGR in VLBW newborns and which one best defines their long-term prognosis. Classically, static definition has been used to define EUGR, which includes all patients below the 10th percentile at hospital discharge after neonatal admission. Recently, there has been talk of dynamic EUGR, including patients who, from birth to discharge, experienced a decrease in weight >1 SD. In addition, in order to isolate the confounding effect of IUGR, whose postnatal growth may be influenced by prenatal factors, the concept of true EUGR was introduced, defining patients EUGR without history of IUGR.

When we analyzed the frequency of static EUGR (less than the 10th percentile at discharge), using the IW-21 and Fenton charts, we observed a high disparity in weight but a good match in length and HC (IW-21: 53.9, 57.6, and 25.9% vs. Fenton: 73.8, 63.6, and 23.5% W, L, and HC, respectively). These data are influenced by IUGR frequency, so that in our case, only 3 and 12% of them (Fenton and IW-21, respectively) reached a W 10th percentile at discharge.

Dynamic analysis of postnatal growth reflects better how this has been, isolating the positive effect of IUGRs and the negative effect of non-IUGRs. Thus, 69.3 and 89.2% of the IUGR, according to Fenton and IW-21, respectively, reached a weight >1 SD at discharge. Overall, 29.0, 41.4, and 9.8% of IUGRs had dynamic EUGRs for W, L, and HC, respectively, for both charts. The disparity between both charts was lower than with the static method (IW-21: 29.3, 43.8, and 12.6% vs. Fenton: 44.3, 58.5, and 13.7% for W, L, and HC, respectively), with IW-21 being more restrictive for all three measures. The percentage of misclassified cases was lower with IW-21 than with Fenton for all three: 0.3, 2.4, and 2.8% vs. 15.3, 17.1, and 3.9%, IW-21 vs. Fenton for W, L, and HC, respectively.

Ávila-Álvarez (24) used the Fenton curves in a cohort of 130 VLBW and obtained an 59.2% EUGR prevalence. Figueras-Aloy (16) obtained 50% EUGR prevalence (W below the 10th percentile in weeks 34–36) using IW-21 references in a cohort of 479 children under 32 weeks born between 2003 and 2014. In our series, with the use of these criteria, it would be 73.8% (Fenton) and 53.9% (IW-21) due to the high proportion of IUGR patients in our series.

If we focus on <1,000 g birth weight infants (N = 161), only 23.6% achieved a discharge W above the 10th percentile using IW-21 and 13% using Fenton. These results are very similar to those that had already been reported in another publication (25). We observed a good concordance between both classifications in this group (Kappa > 0.6).

When we exclude IUGR, static and dynamic true EUGR prevalence for W was, respectively, 35.7 and 39.6% for IW-21 and 60.4 and 52.7% for Fenton. The percentage of misclassified cases as non-EUGR by IW-21 was much lower than that by Fenton (1 vs. 98%). The agreement of both graphs for L and HC was much better, especially for the static calculation. In any case, our data are lower than those of Figueras-Aloy (16), who obtained a true EUGR prevalence of 42.7% by IW-21, and higher than those of Tuzun et al. (17), who published 24 and 37.7% for IW-21 and Fenton, respectively.

Patients who experienced true EUGR have had more frequent perinatal morbidity during their admission (late-onset sepsis, RDS, anemia requiring transfusion, hypotension, BPD, ROP ≥ stage 2, PDA, parenteral nutrition at 28 days of life, and NEC) and longer neonatal admission. A greater relative risk is observed for having had these pathologies if we use dynamic criteria vs. static criteria to define EUGR, and in both cases greater statistical association using IW-21. Therefore, dynamic EUGR defined with IW-21 references is associated with greater complications in neonatal period and may better represent EUGR.

Among independent risk factors for the development of true EUGR, we found, as Figueras-Aloy did, male sex, birth weight, GA, and RDS (16). In our series, BPD was not found to be an independent risk factor.

In our study, greater decrease in the z-score in W (IW-21 and Fenton) in the first 28 days of life was directly related to a greater risk of static and dynamic EUGR at hospital discharge, but with greater power of relation with dynamic criteria and with IW-21 standards. This implies that the first weeks of life of VLBW represent a critical period of growth, with a high probability of morbidity and difficulties in growth, and the repercussion on growth will continue at hospital discharge. Prioritizing and emphasizing nutrition in the first 28 days of life are essential.

According to the criteria and chart we use, EUGR prevalence in VLBW varies substantially within the same series: from 73.8% of patients using static criteria in the Fenton graphs to 29.3% using dynamic criteria with IW-21 standards. Therefore, up to twice as many patients can be diagnosed with EUGR according to the criteria we use; hence, the importance of determining which classification is better.

In our series, IW-21 seems stricter than Fenton for classifying EUGR (static, dynamic, and true EUGR). Furthermore, patients diagnosed by IW-21 as EUGR for W had more frequent neonatal morbidity during their admission.

Kim et al. (26) obtained a similar result after comparing the dynamic EUGR and static EUGR in both graphs in a cohort of 1,356 preterm infants with GA <28 weeks. Tuzun et al. (17) also used static criteria to define EUGR and made a comparison between the Fenton and IW-21 curves, including 248 children under 32 weeks with an IUGR percentage of 12%, observing a lower prevalence of EUGR using IW-21 (31.5 vs. 40%). Reddy et al. (15) also obtained a lower incidence of EUGR with IW-21 compared with Fenton (48 vs. 55%), after analyzing 603 under 32 weeks with a proportion of IUGR of 15%. In a European multicountry cohort, EUGR (discharge weight <10th percentile) using the Fenton charts varied from 24% (Sweden) to 60% (Portugal) and using IW-21 from 13% (Sweden) to 43% (Portugal) (27). A wide variation in rate of EUGR is related to heterogeneity of inclusion criteria and used definition in different reports.

This study and other previous ones highlight the need to standardize criteria and the evaluation method of EUGR, which allow to compare results and to generate hypotheses to improve nutrition in neonatal units and to perform studies on its long-term implication.

Several studies link long-term EUGR with growth retardation and adverse neurodevelopmental, although this last association is not clearly demonstrated (28). Although morbidity associated with prematurity contributes to EUGR, nutrition is the most significant determinant. Adequate nutritional support during the hospital stay is critical to reduce EUGR rate. However, if it is excessive, this can lead to an increase in fat mass and a higher future risk of non-communicable diseases such as obesity or metabolic syndrome (29).

Although more studies are necessary, we believe that IW-21 could be the best standard for assessing postnatal growth, in terms of both the method of construction and its correlation with EUGR risk factors. We also consider that the change in z-score reflects postnatal growth better than static analysis at discharge.

Among the limitations of our study, we should note the long-term recruiting time in order to include as much low VLBW infants as possible, having in count the low VLBW incidence we have in our unit. In this period of time, there were changes in neonatal management according to the latest recommendations. However, this study analyzes a very large sample of VLBW infants to evaluate IUGR and EUGR prevalence according to classic curves (Fenton) and new ones, although little used in daily practice (IW-21), including a comparison between different ways of defining EUGR (static and dynamic) and associated factors.



CONCLUSIONS

Concordance between the Fenton and IW-21 graphs for IUGR is good, but there is less agreement in EUGR, with IW-21 being more restrictive. However, patients diagnosed by IW-21 as EUGR are more likely to have had neonatal morbidities, especially if we use the dynamic definition of EUGR. Greater decrease in z-score in W in first 28 days predicts EUGR (all types) risk at discharge in both growth charts. In our study, we cannot conclude that one graph is better than the other.
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Small for Gestational Age Preterm Neonates Exhibit Defective GH/IGF1 Signaling Pathway
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Objective: To investigate the impact of fetal growth restriction (FGR) on hormonal regulation of post-natal growth and glucose metabolism [via insulin and growth hormone (GH)/Insulin-like Growth factor 1 (IGF1) axis pathways] in small for gestational age (SGA) neonates.

Methods: We conducted a monocentric observational prospective comparative study on 73 singleton babies born with a weight inferior to 2,000 g. We analyzed auxological (weight, height and head circumference), and hormonal (GH, IGF1, and insulin plasma concentrations) data comparing SGA and appropriate for gestational age (AGA) neonates, between day 1 and 60.

Results: One third (23/73) of the neonates were SGA. Twenty-five percent (18/73) required insulin for idiopathic hyperglycemia of prematurity and were smaller in weight and head circumference at discharge. In the SGA group compared with the AGA group, GH plasma concentrations were higher at day 3 (70.1 vs. 38.0 mIU/L) and IGF1 plasma concentrations were higher at day 10 (29.0 vs. 18.7 ng/ml).

Conclusions: SGA neonates displayed resistance to GH and IGF1, concomitant to insulin resistance. This could partially explain the initial defective catch-up growth and, later in life, the higher prevalence of metabolic syndrome in this population.
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INTRODUCTION

Preterm birth is a major risk factor of neonatal morbidity and mortality which is worsened with fetal growth restriction (FGR) (1–3). In the 90's, Barker's work revealed that small for gestational age (SGA) neonates, defined as a birthweight below the 10th percentile for the gestational age, had an increased risk to develop metabolic syndrome when adults. This was the beginning of the concepts of fetal programming and the thrifty phenotype hypothesis (4, 5). Long term alterations in energetic metabolism affect these children with some of them exhibiting early insulin resistance (6). In addition, idiopathic hyperglycemia is frequent among extremely preterm or very low birth weight (VLBW) neonates (7, 8), and is usually explained by defects in glucose regulation with insulin resistance and lower insulin secretion (9, 10).

During fetal life and the first months after birth, growth is predominantly depending on nutrient intake and fetal insulin (11). The growth hormone (GH)/Insulin-like Growth factor 1 (IGF1) axis has a minor role in the regulation of growth during the first months of life, but is essential for glucose homeostasis (12). Maternal and placental GH are not known to impact fetal growth either (13). It is likely that insulin and GH/IGF1 endocrine systems share some of their intracellular signaling pathways and have synergistic anabolic and metabolic actions during the first weeks of extra-uterine life. Recently, murine models have emphasized the correlation between lack of catch-up growth in SGA rats and GH resistance (14) and the existence of cross-linked interactions between insulin and GH/IGF1 axis pathways (15).

Prematurity compounded with FGR expose the neonate to an higher risk of perinatal mortality (16), postnatal growth failure and ultimately metabolic syndrome in adult life (17). We hypothesized that FGR alters GH/IGF1 post-natal signalization with mechanisms similar to insulin signalization defects, and could thus affects post-natal growth of SGA neonates. We conducted a prospective study in 73 low birth-weight (LBW) neonates, describing auxological evolution and hormonal assay during their hospitalization in neonatal intensive care unit (NICU) in order to address our hypothesis.



METHODS


Patients

This non-interventional comparative prospective cohort study was conducted in a single tertiary academic NICU between December 2015 and July 2016, with no modification of routine clinical care. It was approved by the local institutional review board (Paris Saclay University) and followed all the relevant local regulations (French Advisory Committee for the Protection of People, and CNIL n°2051804). Consent has been obtained from each patient's parent after full explanation of the purpose and nature of all procedures used.

All singleton, inborn neonates with birth weight <2,000 g admitted to the NICU were eligible for inclusion. Gestational age was determined by ultrasound assessment during the first trimester of pregnancy. Exclusion criteria were multiple pregnancies, uncertain gestational age at birth, maternal diabetes, maternal height lower than 150 cm, established chromosomal abnormality, genetic disease or skeletal dysplasia.

Patient management was standardized according to the ESPGHAN guidelines for enteral and parenteral nutrition (18). Glucose intakes were initially 6 to 8 g/kg/d, advanced by 1 to 2 g/kg/d and the goal was to reach 12–15 g/kg/d at the end of the first week. Glycaemia was measured on blood drops obtained by heel prick, and using point-of-care glucometer at the bedside. The administration of insulin for idiopathic neonatal hyperglycemia was initiated after three capillary glycaemia over 12 mmol/l, and introduced with intravenous continuous lispro insulin (initial posology 0.02 IU/kg/h secondarily adapted to capillary glycaemia sampled every 3 h).



Data Collection

We collected clinical data [sex, gestational age, antenatal corticosteroids, etiology of prematurity, mode of delivery, insulin treatment, weight, height and head circumference (HC) at birth, around day 10, day 30 and day 60], in real time during hospitalization until discharge. Small and appropriate for gestational age (SGA and AGA) neonates were differentiated according to Fenton 2013 growth charts (19) taking for threshold the 10th percentile for weight and/or height. We defined extra-uterine growth retardation (EUGR) as growth values ≤ 10th percentile of intrauterine growth expectation based on estimated postmenstrual age in premature neonates at the time they are discharged from the hospital (20).

Plasma concentrations of IGF1, GH and insulin were measured between day 2 and 3, between day 8 and 10, and between day 25 and 35 using Sandwich immunometric assays (Immulite 2,000 XPi, Siemens Healthcare Diagnostics Erlangen, Germany for GH (detection thresholds: 3–1,000 mUI/L) and IGF1 (detection thresholds: 2–1,000 ng/mL) and Liaison, DiaSorin, Saluggia, Italy for Insulin, which does not crossmatch with lispro (detection thresholds: 0.87–500 μIU/mL)]. Blood was drawn through indwelling central venous lines or when not the case, by venipuncture at the same time of blood sampling for routine clinical care of the neonate. In case of venipuncture, non-pharmacological sedation (nursing 30% glucose solution) was given orally according to our clinical protocol, classically used in NICU without significantly modifying glycaemia.

We defined insulin resistance as the need for insulin treatment despite appropriate glucose intakes, and GH resistance as the association of elevated GH levels and extremely decreased IGF1 levels (below assay threshold).



Statistical Analysis

Gaussian distributed data were expressed as mean +/- standard deviation. Differences in categorical variables were assessed by Chi2 or Fisher test, as appropriate. Continuous data were compared with Student test, correlation was tested with Pearson's coefficient.

We compared AGA vs. SGA groups, and patients requiring insulin therapy vs. the others (insulin and no insulin groups, respectively). The analysis was carried out with the statistical software GraphPad Prism 8.1. P-values <0.05 were considered statistically significant.




RESULTS


Clinical Characteristics of the Study Population

Seventy-three LBW neonates were included in our study, 22 (30%) were born before 28 weeks GA, 23 (32%) were SGA. Figure 1 describes the longitudinal evolution of the cohort: 60 babies (82%) were still hospitalized in our unit at day 10 (18 SGA), 39 (53%) at day 30 and only 17 (23%) at day 60. All SGA neonates had been discharged before day 60. Hormonal assays were performed in 51, 34, and 25 patients at day 3, 10, and 30, respectively.


[image: Figure 1]
FIGURE 1. Flow chart of the study.


Prematurity was medically induced in 49% (36/73) of all, and in 91% (21/23) of SGA neonates. Before 28 weeks of gestation, there was no preterm birth medically induced for fetal growth restriction (FGR). Conversely, preterm labor and preterm premature rupture of membranes rates were lower with a higher gestational age. Preterm birth was medically induced for FGR in 62% (14/23) of SGA neonates, whereas prematurity was spontaneous in 70% (35/50) of AGA neonates. Within the overall population, 26 neonates (36%) were extremely low birth weight (ELBW, <1,000 g), 22 (30%) and 55 (75%) were born before 28 and 32 weeks of gestation, respectively.

Birth auxological characteristics are described in Table 1. SGA neonates had a higher gestational age with a similar BW in comparison to AGA neonates. By definition, BW, BH and BHC in percentiles were significantly lower in SGA group. No difference was observed between the two groups for antenatal steroids. Eighteen (25%) neonates required insulin administration during their hospitalization, with a mean gestational age of 27.1 weeks and a mean BW of 881 g. Extremely preterm (<28 weeks) and ELBW infants had a significantly increased need for insulin treatment compared to the global study population (p = 0.0005 and p < 0.0001, respectively). There was no significant difference between AGA and SGA groups for need for insulin.


Table 1. Main characteristics of the study population.
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Post-natal Growth

Thirty eight percent (15/39) of the babies exhibited EUGR at day 30 (8 within 32 AGA neonates (25%) vs. 100% of SGA neonates – p < 0.0001). Seventy one percent (12/17) of them had EUGR at day 60 and among them 90% were those who required insulin in the first days of life.

The post-natal growth of the whole population and according to SGA/AGA and insulin/no insulin requirement status is illustrated in Figure 2. Weight and height in percentile of SGA neonates persisted to be significantly lower than the AGA neonates at birth, day 10 and day 30, while the HC was not significantly different between the two groups at day. Weight and HC of neonates requiring insulin were not significantly different than those without insulin at birth but were significantly lower at day 60.


[image: Figure 2]
FIGURE 2. Evolution of growth parameters during the first 2 months of life. Day 0 (D0): all n = 73/AGA n = 50 vs. SGA n = 23/insulin n = 18 vs. no insulin n = 55. Day 10 (D10): all n = 60/AGA n = 42 vs. SGA n = 18/insulin n = 16 vs. no insulin n = 44. Day 30 (D30): all n = 39/AGA n = 32 vs. SGA n = 7/insulin n = 13 vs. no insulin n = 26. Day 60 (D60): all n = 17/AGA n = 17 vs. SGA n = 0/insulin n = 7 vs. no insulin n = 10. Results expressed in mean ± standard deviation. **p < 0.01 ***p < 0.001 ****p < 0.0001.




Hormonal Regulation

GH, IGF1 and insulin plasma concentrations are shown in Table 2 and Supplementary Figure 1. Fifty-one neonates had available measurements at day 3, 34 at day 10, and 25 at day 30 (respectively, 70, 47, and 34% of initial study population). We compared the results between AGA vs. SGA infants and between those who required insulin treatment vs. the others.


Table 2. mean plasma concentration of GH, IGF1 and insulin at day 3, 10 and 30 [mean ± standard deviation (min-max)].
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GH plasma concentrations during the first month of life exhibited a mean range of 50, 38, and 47 mIU/l at day 3, day 10 and day 30 respectively. Forty two neonates (82%) exhibited GH levels to 20 mIU/L at day 3, 31 (91%) at day 10 and 23 (92%) at day 30. On the contrary, 4 (8%) neonates exhibited GH levels lower to 10 mIU/ml at day 3, 1 (3%) at day 10 and none at day 30. GH plasma concentrations were higher at day 3 in SGA (70.1 vs. 38.0 mIU/L; p = 0.004). We found no correlation between GH at birth and GA nor BW and a low correlation between GH and BW Fenton percentile (R2 = 0.09, p = 0.03).

IGF1 plasma concentrations exhibited a mean range of 7 ng/ml at birth, progressively increased during the first month (20 ng/ml at day 10 and 25 ng/ml at day 30) and were below the minimum threshold of the assay in 13 neonates (25%) at day 3, 2 (6%) at day 10 and 1 (4%) at day 30, regardless of weight, gestational age and weight for gestational age. At birth, IGF1 levels discretely correlated to GA (R2 = 0.08, p = 0.04) and BW (R2 = 0.14, p = 0.007) but not BW Fenton percentile. IGF1 plasma concentrations were higher at day 10 in SGA compared to AGA neonates (29 vs. 19 ng/mL; p < 0.001).

There was no significant difference of GH and IGF1 plasma concentrations during the first month of life between neonates needing insulin therapy and the others. Mean insulin levels were 15.5 mIU/ml at day 3 and decreased to 11.0 and 11.5 mIU/ml at day 10 and day 30. Low insulin levels (< 5 mIU/ml) were observed in 13 (25%), 7 (21%) and 3 (12%) neonates whereas 10 (20%), 2 (6%) and 1 (4%) neonates exhibited high insulin levels (> 40 mIU/ml) at day 3, day 10 and day 30, respectively. There were no significant differences in insulin plasma concentrations between AGA and SGA neonates. However, we found significantly higher insulin levels in babies requiring insulin treatment at day 10. There was no correlation between insulin plasma concentrations with either gestational age or birth weight.

At day 3, we found no correlation between GH and IGF1 plasma concentrations, for any gestational age or weight. However, 2 SGA neonates exhibited extremely high plasma concentrations of GH (208 and 171 mIU/L) with concomitant concentrations of IGF1 below the minimum threshold of the assay (<1 ng/ml). At day 30, GH plasma concentrations were inversely correlated to IGF1 levels (R2 = 0.38, p = 0.01) in AGA babies.




DISCUSSION

Glucose metabolism ontogenesis and fetal and neonatal growth are mainly regulated by insulin and GH/IGF1 axis pathways (21, 22). Prematurity and fetal growth restriction expose the neonate to growth failure and metabolic syndrome in childhood and when adults (17, 23–25). We have found that post-natal growth was altered in babies who required insulin for idiopathic hyperglycemia of prematurity and that SGA neonates were likely resistant to GH and IGF1. These results support the existence of cross-linked interactions between insulin and GH/IGF1 axis pathways, possibly contributing to a defect in growth and metabolic adaptation in this population of FGR babies.

There was several limitations in this prospective study conducted in 73 low birth weight preterm neonates, first prevalence of medically induced prematurity for FGR increases with the gestational age at birth due to obstetrical FGR management. Second, at day 60, an important number of patients has been lost to follow-up, including all the SGA neonates which had been discharged. Both limitations could have been source of significant bias in our study.

We first described post-natal growth and observed persistence in differences of auxological parameters between SGA and AGA groups during hospitalization. However, the differences were reduced progressively, mainly due to extra-uterine growth retardation (EUGR) in AGA neonates. We also found that preterm babies requiring insulin for idiopathic hyperglycemia, who had a higher birth weight percentile had lower weight and HC at day 60. Two others studies have found similar results: Scheurer et al. described that hyperglycemic preterm neonates were discharged with lower HC and had lower height, weight, and HC at four months post-discharge (26); Ramel and colleagues published that height, weight, and HC of hyperglycemic preterm neonates were lower at 36 months (27). These results are in accordance with our hypothesis of a resistance to the anabolic effect of insulin and concomitantly a poor response on growth of GH/IGF1 axis in this population.

In the second part, we analyzed plasma levels of GH, IGF1 and insulin. It has been reported that random GH values are clinically useful within the first month of life, and that serum IGF1 levels reflect spontaneous 24 h GH secretion (28, 29). GH plasma concentrations were elevated during the first month of life, as previously reported (28). A large proportion of the neonates exhibited spontaneous GH levels superior to 20 mIU/L (usual threshold used to define deficiency during GH stimulation test) while very few exhibited GH levels inferior to 10 mIU/ml. On the contrary, IGF1 plasma concentrations were very low at birth and progressively increased during the first month. They were frequently below the minimum threshold of the assay at birth. Overall, this suggests a resistance to GH action during the first month of life in this population.

At birth, there was no correlation between GH and BW or GA while IGF1 was discretely correlated to BW. However, BW percentile was correlated with GH levels, but not with IGF1 levels. GH and IGF1 plasma levels were also higher in SGA neonates, respectively, at day 3 and 10. GH and IGF1 plasma levels were not correlated before day 30. This suggests a higher level of resistance to GH and IGF1 in the first days of life in SGA neonates.

There are no precedent studies on GH plasma levels in this population but our results are in concordance with the few studies on IGF1 plasma levels in preterm babies (30). It has also been showed that IGF1 plasma concentration at birth was lower in SGA neonates (31), that mRNA and IGF1 protein were less expressed and translated in the placenta of SGA neonates (32). While IGF1 plasma levels were lower at birth they were found higher at 1 and 3 years in SGA children compared with AGA children (33). In addition, if SGA neonates do not exhibit catch-up growth before 3 years of life, IGF1 plasma levels remain lower at day 30 and 60 (30, 34).

Fetal growth relies on insulin and nutrient intake, and GH does not play a significant role in fetal and neonatal growth. Consistently, children with pan-hypopituitarism are not SGA and have no growth failure in the first months of life but frequently are hypoglycemic with low IGF1 levels (35). Conversely, children with defects in IGF1 signalization are SGA (36), and many polymorphisms in IGF1 and IGF1R genes have been described associated with FGR (37, 38). This dissociation in the role of GH and IGF1 in fetal growth suggests that IGF1 secretion is partially independent of GH during this period. Fetal growth is largely due to insulin and nutrient intake [example of gestational diabetes mellitus (39)] but also to Insulin-like Growth Factor 2 (IGF2). This latter is central in the pathophysiology of Silver-Russel syndrome [SRS, low IGF2 and very SGA neonates (40)]. IGF1, IGF2 and insulin (and their respective receptors) share structural analogy, and their signalizations have cross-linked interactions (41). We suggest that SGA neonates, similarly to SRS children, might have a defect in the IGF system with compensatory increase in GH levels.

In our study, 22% of the neonates required insulin therapy for idiopathic hyperglycemia (45% among <28 weeks). All were born before 32 weeks and/or with a birth weight <1,500 g, concordant with previous findings (7). There was no correlation between insulin plasma levels and birth weight or gestational age. We observed a great variability in the plasma concentrations of insulin, especially among those who required insulin therapy. This is in accordance with the hypothesis that idiopathic hyperglycemia of the preterm neonate is related to both insulinopenia (due to abnormality in insulin biosynthesis during post-translational stages with pro-insulin accumulation) and insulin resistance (9, 10, 42). Nevertheless, considering that we analyzed neither the impact of nutritional intake nor the correlation with glycaemia during the insulin assay, these results should be taken with caution, even if all the neonates were managed with standardized procedures of enteral and parenteral nutrition according to ESPGHAN guidelines.

SGA neonates displayed a risk to develop metabolic syndrome (5, 23, 25) and SGA children have insulin resistance (43, 44). Some studies even correlate Homeostasis Model Assessment of Insulin Resistance (HOMA) index and higher IGF1 levels during childhood (45). Conversely, the absence of insulin resistance and better insulin secretion is correlated with a better catch-up growth (46, 47). Thus, post-natal growth and insulin sensitivity seem to be associated. Murine models have emphasized the correlation between lack of catch-up growth in SGA rats and GH resistance (14) and the existence of cross-linked interactions between insulin and GH/IGF1 axis pathways (15).

Overall, our results suggest GH and IGF1 resistance in addition to insulin resistance during the first weeks of life in SGA neonates.
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Background: Despite the increased survival of preterm newborns worldwide, the risk of neurodevelopmental disabilities remains high. Analyzing the outcomes of the preterm population can identify risk factors and enable specific early interventions.

Aims: Neuroprem is a prospective cohort study of very low birth weight (VLBW) infants that aims to evaluate the neurodevelopmental outcomes and risk factors for severe functional disability at 2 years of corrected age.

Methods: Nine Italian neonatal intensive care units participated in the network. The Griffiths Mental Developmental Scales (GMDS-R) or the Bayley Scales of Infant and Toddler Development (BSDI III) and a neuro-functional evaluation (according to the International Classification of Disability and Health and Neuro-Functional Assessment, or NFA ICF-CY) were administered to VLBW infants at 24 months of corrected age. The primary outcome measure was severe functional disability, defined as cerebral palsy, bilateral blindness, deafness, an NFA ICF-CY of >2, a BSDI III cognitive composite score of <2 SD, or a GMDS-R global quotient score of <2 SD. Perinatal risk factors for severe functional disability were assessed through multivariate logistic regression analysis.

Results: Among 502 VLBW survivors who completed the 24-month follow-up, 48 (9.6%) presented severe functional disability, of whom 27 had cerebral palsy (5.4%). Rates of severe functional disability and cerebral palsy were higher in neonates with a lower gestational age (p < 0.001). Overall, 147 infants (29.3%) were referred to neuromotor intervention. In the multivariate regression model, gestational age at birth OR 0.79; 95% CI 0.67–0.90; p = 0.001) and periventricular-intraventricular hemorrhage (OR 2.51; 95% CI 1.19–5.26; p = 0.015) were significantly associated with severe functional disability.

Conclusion: Neuroprem 2 provides updated information on the neurodevelopmental outcomes of VLBW infants in a large Italian cohort. The overall rate of neurodevelopmental disabilities was quite lower than reported in the previous literature. These data indicate the need for structured follow-up programs from a national neonatal network perspective.

Keywords: very low birth weight, preterm, neuro-developmental outcome, follow-up, network


BACKGROUND

Prematurity is a major global health problem and the leading cause of death in children under 5 years old. Over the past few decades, advances in the clinical care of preterm infants have led to improved survival in the neonatal age group and beyond. Thus, more premature infants survive with neurodevelopmental morbidities of variable severity, often resulting in lifelong disability. The high rates of neurological and developmental problems reported in survivors are concerning to both professionals and the public. Among extremely preterm neonates (22–26 weeks gestation), survival without neurodevelopmental impairment at 2 years of age ranges from 20 to 42% (1–3). Indeed, in absolute numbers, infants born very or moderately preterm represent a large proportion of preterm births, accounting for most children with motor, cognitive, or behavioral deficits and learning disabilities (4–6). Gestational age (GA), birth weight, sex, multiple birth, antenatal corticosteroid administration, neonatal infection, necrotizing enterocolitis (NEC), and major brain lesions, such as periventricular leukomalacia (PVL) and intraventricular hemorrhage (IVH), have been shown to influence both short- and long-term outcomes (7–9). Analyzing outcomes in the preterm population may identify risk factors that could potentially be targeted by specific early intervention (10–12). In addition, decisions on the provision of intensive vs. palliative care and on the counseling of parents of extremely preterm infants are based on the expected incidence of mortality and poor long-term outcome. Therefore, it is of paramount importance that recent, representative outcome data be available. Up-to-date data are scant regarding the neurodevelopment of very low birth weight (VLBW) infants, and national networks on preterm neurological outcomes are still lacking in Italy, but the Neuroprem study has recently produced preliminary data on the neurodevelopmental outcomes of a VLBW cohort in an Italian region during a 1-year period (13). Neuroprem is now expanding to a larger Italian area including nine neonatal intensive care units NICUs and to a longer study period (Neuroprem 2). Herein, we report on a multicenter prospective cohort study of VLBW preterm infants, which evaluated the neurodevelopmental outcomes and risk factors for severe functional disability at 2 years of corrected age.



METHODS


Study Design

Neuroprem is an Italian network that assesses VLBW neurodevelopmental outcomes. Nine tertiary level NICUs in two Italian regions, all participating in the Vermont Oxford Network Database (VON) (14), joined this prospective cohort study. Before starting patient enrollment, the NICUs participated in seminars and meetings to define and share the study protocol. Anonymized data, including perinatal and neurodevelopmental follow-up data, were collected in a common data collection format through a web platform. The study enrolled VLBW infants born from 1 January 2016 through 31 December 2018 (and included in VON) and collected their neurodevelopmental data at 24 months (corrected for prematurity). Genetic abnormalities or major malformations were excluded. Several perinatal factors in the VON were evaluated, including birth weight, GA, site and mode of delivery, ethnicity, gender, multiple gestation, prenatal steroid exposure, Apgar score at first and fifth minute, chorioamnionitis, sepsis, mechanical ventilation, periventricular-intraventricular hemorrhage (PIH), PVL, patent ductus arteriosus (PDA) treatment, NEC, retinopathy of prematurity (ROP) surgery, and breastfeeding at discharge. Chorioamnionitis was defined in the presence of at least two of the following signs: maternal increased C reactive protein, leukocytosis, fever above 38°C, malodorous amniotic fluid, and maternal or fetal tachycardia. Sepsis was considered present in the case of a positive blood culture (14).

Three groups of different GAs were identified: group 1 (≤28 weeks' gestation), group 2 (28 weeks + 1 day to 31 weeks + 6 days of gestation), and group 3 (≥32 weeks' gestation). The study was approved by the Ethics Committee of Univerity Hospital of Modena and Reggio Emilia (protocol 205/2015, no 4818). Written consent was obtained from the parents of each neonate enrolled in the study.



Neurodevelopmental Assessment

In each center, neurodevelopmental follow-up was performed by a multidisciplinary team comprising a neonatologist, a psychologist, a physiotherapist, and a pediatric neurologist. To ensure compliance, parents received appointment reminders by telephone. The survivors were examined neurologically according to the Amiel-Tison neurological assessment (15) with either the Griffiths Mental Developmental Scales (GMDS-R, 1996) (16) or the Bayley Scales of Infant and Toddler Development (BSDI III, 2006) (17), depending on local protocols. The GMDS-R (0–2 years) provides a general development quotient (GQ) of infants' abilities with a mean of 100, a standard deviation (SD) of 12, and five subscale quotients (locomotor; eye and hand coordination; personal and social; hearing and language; cognitive performance), each with a mean of 100 and an SD of 16 (16). The BSDI III provides standardized composite scores for each of the assessed domains (cognitive, fine, and gross motor; receptive and expressive language; adaptive), with a mean of 100 and an SD of 15 (17). For both the GMDS-R and the BSID-III, the cutoff abnormality was two SDs below the normative mean (13, 18). The BSDI III or GMDS-R results were compared among three groups of different GAs.

The infants were also assessed by neuro-functional evaluation according to the International Classification of Disability and Health (ICF-CY) and Neuro-Functional Assessment (NFA ICF-CY) (19, 20). The NFA ICF-CY–based approach has been implemented successfully in routine follow-up programs for preterm infants, providing early identification of neurodevelopmental delay (19–22). Neuro-functional clinical evaluation was performed for cognitive, linguistic, motor, and adaptive function, and then a global NFA ICF-CY score was assigned (Appendix A). All the enrolled patients were also screened for vision (an oculist examination including the fundus oculi) and hearing (brain stem evoked potential). The primary outcome measure was severe functional disability at 2 years of age, corrected for prematurity. Severe functional disability was defined as the presence of at least one among the following outcomes: cerebral palsy (CP), a BSDI III cognitive composite score of <2 SD or a GMDS-R GQ of <2 SD, bilateral blindness (visual acuity < 6/60 in the better eye), bilateral deafness (requiring bilateral hearing aids or unilateral/bilateral cochlear implants), and an NFA ICF-CY > 2. The risk factors for severe functional disability were assessed, and the rate and type of CP were evaluated. CP was defined as a permanent disorder of movement and posture causing activity limitations attributed to non-progressive disturbances that occurred in the developing brain. The classification included spastic CP (monoparesis, hemiparesis, triparesis, tetraparesis, diplegia) and extrapyramidal (dyskinetic) syndromes (23).



Statistical Analysis

Statistical analyses were performed using Stata Direct Statistical Software version 13 (StataCorp LP, USA). Continuous variables were reported by means and SD or by median and interquartile range (IQR), while categorical variables were reported using frequencies. The groups were compared by χ2 analyses for categorical variables and by Kruskal-Wallis tests as non-parametric tests for continuous variables. Several variables (birth weight, GA, site and mode of delivery, ethnicity, gender, multiple gestation, prenatal steroid exposure, Apgar score at first and fifth minute, chorioamnionitis, sepsis, mechanical ventilation, PIH, PDA treatment, NEC, ROP surgery, and breastfeeding at discharge) were evaluated as possible risk factors for functional disability and were presented in the univariate analysis.

The multivariate logistic regression model was built on the basis of a stepwise selection, with entry criteria = 0.05 and stay criteria = 0.1. To assess multicollinearity, the correlation coefficient and variance inflation factor (VIF) were checked. A correlation coefficient level of ≤0.9 and a VIF value of >10 were considered critical values. The best subset of predictors in the multivariate models was determined based on the lowest values of Akaike's information criterion and the Bayesian information criterion (BIC). A p-value of <0.05 was considered statistically significant.




RESULTS

Between 1 January 2016 and 31 December 2018, 1,082 VLBW patients were included in the VON database by participating units. Among them, 133 died (12.3%) within the term-corrected age, before discharge from the hospital: 114/278 (41%) in group 1, 16/249 (6.4%) in group 2, and 3/92 (3.3%) in group 3. Figure 1 shows the mortality rate in relation to GA. Seventeen patients (1.6%) were excluded from the study because of major malformations or genetic anomalies. Among the remaining 932 patients, 502 completed the 24-month neurodevelopmental follow-up (53.9%). Figure 2 shows the enrollment flow diagram. Table 1 compares the characteristics of infants with or without the 24-month neurodevelopmental follow-up. Infants with the 24-month neurodevelopmental follow-up had significantly lower GA at birth; they were more likely to be inborn, delivered after a single pregnancy, and delivered after chorioamnionitis. They were also more likely to be treated for PDA and to be breastfed at discharge from hospital Table 1. Table 2 compares the perinatal characteristics of the three groups, divided according to GA. Patients with a lower GA presented higher rates of chorioamnionitis, sepsis, mechanical ventilation, need for PDA treatment, PIH, NEC, and ROP surgery. In contrast, higher GA infants showed a higher rate of breastfeeding at discharge.


[image: Figure 1]
FIGURE 1. Mortality rate in relation to gestational age at birth.
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FIGURE 2. Enrollment flow diagram.



Table 1. Characteristics of infants undergoing or not a 24 months neuro-developmental follow-up.
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Table 2. Comparison of neonatal characteristics among different gestational ages groups in patients completing 24 months follow-up*.
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Neurodevelopmental Outcome at 24-Month Corrected Age

Severe functional disability occurred in 48/502 infants (9.6%). Seventeen of those 48 patients (35.4%) presented a BSDI III cognitive composite score of <2 SD (two cases) or a GMDS-R GQ of <2 SD (15 cases); eight patients presented CP and a BSDI III cognitive composite score of <2 SD (three cases) or a GMDS-R GQ of <2 SD (five cases); 15 patients had CP; one had blindness; three had deafness; one had CP and blindness; and three patients showed CP and deafness (Figure 3). Overall, among the 502 followed-up infants, CP was diagnosed in 27 (5.4%) (monoparesis n = 2; hemiparesis n = 7; diplegia n = 10; tetraparesis n = 8), whereas deafness occurred in 6 (1.2%) and blindness in two (0.4%) infants.


[image: Figure 3]
FIGURE 3. Severe functional disability Venn diagram.


Table 3 compares the characteristics of infants with or without severe functional disability at age 24 months. Patients with severe functional disability had lower birth weight and GA, lower fifth-minute Apgar scores, and higher rates of mechanical ventilation, NEC, sepsis, treatment for PDA, and cerebral lesions (assessed by cerebral ultrasound) at discharge from hospital.


Table 3. Neonatal characteristics of infants with or without severe functional disability at 24 months.
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Severe functional disability was more common in infants with a lower GA: 31 of 164 (18.9%) in group 1; 15 of 249 (6.0%) in group 2; and two of 89 (2.3%) in group 3 (p < 0.001). Figure 4 shows severe functional disability in relation to GA. CP was also more common in infants with a lower GA: 19 of 164 (11.6%) in group 1; six of 249 (2.4%) in group 2; and two of 89 (2.2%) in group 3 (p < 0.001). Overall 147 infants (29.3%) were sent to neuromotor rehabilitation during the first 24 months of life, more frequently if they had a lower GA: 83 of 164 (50.6%) in group 1; 58 of 249 (23.3.%) in group 2; and six of 89 (6.7%) in group 3 (p < 0.001).


[image: Figure 4]
FIGURE 4. Severe functional disability in relation to gestational age at birth.


In the univariate regression analysis, several variables were associated with severe functional disability (Table 4). The final multivariate regression model included four variables: GA at birth, male gender, sepsis, and PIH (area under ROC curve: 0.75). In this multivariate regression model, only GA at birth and PIH were associated with severe functional disability (Table 4).


Table 4. Association of perinatal data and severe functional disability at 24 month of corrected age.
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Cognitive and Neuropsychological Outcome

Among the 502 infants, 177 were evaluated with the BSDI III and 208 with the GMDS-R (data were missing or incomplete for the remaining 117 patients). The GMDS-R subscales, GMDS-R GQ, and BSDI III composite scores were evaluated and compared among the three GA groups. The GMDS-R GQ, GMDS-R locomotor, and GMDS-R personal and social quotient as well as the BSDI III cognitive composite score differed significantly (Table 5).


Table 5. Comparison of GMDS-R quotients or BSD-III scores among 3 groups with different gestational age.
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Neuro-Functional Clinical Evaluation (NFA ICF-CY–Based Approach)

Table 6 shows the neuro-functional clinical evaluation. The NFA ICF-CY scores differed significantly between the different GA groups. The GMDS-R GQ and BSDI III cognitive composite scores were lower (p < 0.001) in patients with higher NFA ICF-CY scores (Figures 5, 6), distinguishing between patients with major neurodevelopmental anomalies or CP (NFA ICF-CY score > 2) and those with minor anomalies (NFA ICF-CY score ≤ 2).


Table 6. Neuro-functional clinical evaluation: results according to different gestational age groups.
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FIGURE 5. Comparison of GMDS-R global quotient in patients with different NFA ICF-CY score. Patients with tetraparesis and blindness were excluded. Kruskal-Wallis test: p < 0.001.



[image: Figure 6]
FIGURE 6. Comparison of BSDI III cognitive composite score in patients with different NFA ICF-CY score. Patients with tetraparesis and blindness were excluded. Kruskal-Wallis test: p < 0.001.





DISCUSSION

In the current study, severe functional disability and CP affected < 10 and 5.4% of survivors, respectively, whereas the literature on the follow-up of preterm neonates reports a higher prevalence of neurodevelopmental disabilities and CP (ranging from 10 to 15%) (24–28). The lower rate of neurodevelopmental disabilities found in the current study probably reflects differences in the study populations. Most previous studies focused on very or extremely preterm newborns, while the current study addressed all VLBW infants, with a GA ranging from 23 to 33 weeks. In our study, the rate of severe functional disability was significantly higher in infants with a lower GA, as those with a ≤28-week GA had eight times higher disability rates than those with a ≥32-week GA. Furthermore, infants with lower GAs had higher rates of CP (11.6% in infants of ≤28 weeks GA) and were more frequently sent to neuromotor rehabilitation. The lower prevalence of severe functional disability and CP in the survivors could also be biased by the number of non-survivors in the groups, but the mortality rate in our study is similar to others in the literature. Specifically, we found a 12.3% overall mortality rate (41% in infants with ≤28 weeks GA), while other studies have reported a 10% mortality rate for under 34 weeks of gestation, 16–18% for under 32 weeks of gestation, and about 40% for extremely preterm infants (29, 30).

Extremely preterm infants are at higher risk of neurodevelopmental disabilities, and preterm birth alone is a significant hindrance to the normal neurodevelopmental trajectory from fetus to adult (31). A healthy intrauterine environment for up to 37–40 weeks of gestation benefits neonatal brain development, while early extra-uterine life interferes with normal brain maturation, increasing the risk of neurological impairment even in the absence of documented cerebral lesions. The early identification of children at risk for subsequent developmental problems may inspire interventions, potentially mitigating the course of otherwise persistent disabilities. In the current study, GA at birth and PIH were significantly associated with severe functional disability. These findings confirm that GA is a main risk factor for poor neurodevelopmental outcomes but also point out the role of cerebral lesions.

Patients with lower GAs showed a higher rate of risk factors for poor neurodevelopmental outcomes, such as chorioamnionitis, sepsis, mechanical ventilation, need for PDA treatment, PIH, NEC, and ROP surgery. In patients with a lower GA, the BSDI III cognitive composite score as far as GQ, locomotor, and personal and social quotients (assessed by GMDS-R) were significantly lower. The BSDI III motor composite score was not significantly different, probably because most of the few patients in the study who were assessed with the BSDI III had a higher GA. Interestingly, the NFA ICF-CY was quite consistent with the BSDI III cognitive composite scores and the GMDS-R GQ. Previous studies have shown the relevance of ICF-CY–based data sets in comparing functioning and disability in children of different ages (29–31). The comprehensive neurodevelopmental assessment based on the NFA ICF-CY approach has been implemented successfully in routine follow-up programs for preterm infants, as it is easy to administer and overcomes data set heterogeneity due to the local protocol of evaluation. The NFA ICF-CY is a useful clinical screening tool for evaluating preterm infants' neurodevelopmental profiles, as it integrates neurological, behavioral, and social items. It enables clinicians to focus on children with suspected developmental delay, who consequently need further assessment or intervention (20–22, 32–34), but the BSID III and GMDS-R remain the gold standard of neurodevelopmental testing in preterm infants. In fact, our study's BSDI III cognitive composite score varies widely among patients with serious anomalies (score 3), who are more roughly assessed by the NFA ICF-CY.

Patients with severe functional disabilities showed documented brain lesions in more than 50% of cases (PIH and PVL in 39 and 15% of cases, respectively). Brain injury is a well-known risk factor for poor neurodevelopmental outcomes. In the current study, cerebral damage was assessed by ultrasounds, and brain lesions were roughly classified according to the VON in PIH and PVL. PIH was significantly associated with severe functional disability, while PVL was less frequent and not associated with a poor outcome, probably due to the small number of children included in the study. Recent studies show that neonatal brain injury, assessed by a standardized magnetic resonance imaging (MRI) scoring system, is associated with short-term neurodevelopmental outcomes, but environmental factors are also important for cognitive development, especially for children with mild neonatal brain injury (35).

The strengths of the Neuroprem study include its prospective design and a very recent enrollment period as well as the inclusion of moderate and very preterm neonates, whose outcomes are reported infrequently. Indeed, the enrollment period (2016–2018) is very close to the present day, reflecting the effect on neonatal outcomes of the most advanced intensive care and support techniques for newborns. By contrast, previous studies included cohorts of preterm infants born before 2015, although the cohorts were larger than ours (1–3, 26, 36).

Our study has some limitations. The first major limitation is that different, although validated, neurodevelopmental scales (the BSDI III, GMDS-R, and NFA ICF-CY) were combined to define disability in our multicenter study because either the BSDI III or the GMDS-R was used depending on the local protocol. The standardization of developmental tests among centers is desirable, but it requires staff training and is costly and time consuming. To overcome data heterogeneity or missing BSDI III/GMDS-R data, the NFA ICF-CY was adopted by all the centers.

A second limitation is incomplete follow-up data for 43% of the neonates, and some might argue that this constitutes selection bias. However, some previous studies report similar dropout rates and suggest an excess of poorly performing children among those not evaluated (37), as children from more disadvantaged families are often lost to follow-up. In the current study, despite the quite high dropout rate, infants who completed follow-up had a lower GA, lower birth weight, and additional risk factors for poor neurodevelopmental outcomes. Therefore, although we lack information regarding the socioeconomic status of the children lost at follow-up, we assume that our results do not underestimate poor outcomes. At the same time, strategies aimed at improving follow-up compliance are desirable in a multicenter context.

A third limitation is that the follow-up did not extend beyond the age of 2 years, and only severe functional disabilities were investigated. Hence, we did not assess mild neurological dysfunction and preschool age performance, which may be impaired in various neuropsychological domains, even in patients without major disabilities. However, the NFA ICF-CY begins to express preliminary data on minor neurodevelopmental anomalies (an NFA ICF-CY score of 2), such as minor motor disorders, minor deficits in cognitive functioning, and regulation difficulties, whose characteristics must be redefined at later ages. Finally, MRI data are lacking, and brain lesions were not described in detail, but these could be areas for future research.

In conclusion, this study provides updated information on the neurodevelopmental outcomes of VLBW infants in a large Italian cohort. The overall rate of neurodevelopmental disabilities was quite lower than in data in the previous literature, and GA remains one of the main risk factors for poor neurodevelopmental outcomes. Interestingly, in this study, CP accounted for just over half of severe functional dysfunction, while the remaining cases presented severe neuropsychological or sensory-neural deficiencies. Neuroprem 2, by providing data on contemporary VLBW outcomes, supports further follow-up programs from a national network perspective. Such networks contribute to promoting access to formal neurodevelopmental evaluation and to timely rehabilitative interventions.
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Background: Preterm infants frequently show neuromotor dysfunctions, but it is not clear how reduced gestational age at birth may induce developmental coordination disorders. Advancing postnatal age, not only post-conceptional age, may determine neuromuscular development, and early interventions in preterm newborns may improve their later motor skills. An animal model of preterm birth that allows early postnatal detection of movement patterns may help to investigate this hypothesis.

Methods: Using pigs as a model for moderately preterm infants, preterm (106-day gestation, equivalent to 90% of normal gestation time; n = 38) and term (115-day gestation, equivalent to 99% of normal gestation time; n = 20) individuals were delivered by cesarean section and artificially reared until postnatal day 19 (preweaning period). The neuromotor skills of piglets were documented using spatiotemporal gait analyses on video recordings of locomotion at self-selected speed at postnatal age 3, 4, 5, 8, and 18 days. Results were controlled for effects of body weight and sex.

Results: Both preterm and term piglets reached mature neuromotor skills and performance between postnatal days 3–5. However, preterm pigs took shorter steps at a higher frequency, than term piglets, irrespective of their body size. Within preterm pigs, males and low birth weight individuals took the shortest steps, and with the highest frequency.

Conclusion: Postnatal development of motor skills and gait characteristics in pigs delivered in late gestation may show similarity to the compromised development of gait pattern in preterm infants. Relative to term pigs, the postnatal delay in gait development in preterm pigs was only few days, that is, much shorter than the 10-day reduction in gestation length. This indicates rapid postnatal adaptation of gait pattern after reduced gestational age at birth. Early-life physical training and medical interventions may support both short- and long-term gait development after preterm birth in both pigs and infants.

Keywords: locomotion, prematurity, pig, birth weight, spatio-temporal gait analysis


INTRODUCTION

Preterm birth (birth before 37 weeks of gestation) is known to interrupt brain growth and maturation in utero, potentially affecting postnatal neurodevelopment, especially of cerebellar and periventricular brain structures (1, 2). In addition, clinical complications associated with preterm birth (such as hypoxia, ischemia, inflammation) can further hinder postnatal neurodevelopment (2). Thus, it is not surprising to note high prevalence of neuromotor dysfunctions and poor movement coordination in preterm infants (1, 3–5). Even for infants not diagnosed with specific brain defects (e.g., cerebral palsy) and having normal intelligence, preterm birth may result in motoric challenges, as evidenced by 20–40% incidence of moderate motor impairments, developmental coordination disorders, and neurological dysfunctions (1, 3, 4, 6). Preterm birth is a multifactorial syndrome that requires support at many levels, including the need to facilitate optimal neurodevelopmental outcomes. However, in order to support evidence-based interventions, more basic data on locomotion in preterm newborns are required. In many aspects, preterm pigs born at 90% gestation have proven to be an excellent brain model for preterm infants (7), in addition to aspects of gut and nutritional functions (8). The preterm pig as a model for neuromuscular development in preterm infants is less explored. In contrast to the immediate locomotion after birth of term piglets, 90% gestation preterm pigs show 3–5-day delays in their normal standing and walking (9–11). While this postnatal motor development is much faster than in preterm infants, the preterm–term differences in piglets may be used to investigate basic mechanisms and possible interventions in states of immaturity. Further, the gross anatomy of the brain (12), its perinatal growth and developmental trajectories are similar in pigs and infants (13), suggesting that consequences of preterm birth may be similar, although different in their timing (8, 14). Specifically, for locomotion, it appears that underlying mechanisms of development and locomotor modules in the neuronal networks of the spinal cord are similar among mammals (15–18).

Previous studies on motor skills in preterm pigs showed that more days were required to achieve basic motor skills (time to first stand and walk), with lower overall physical activity level, compared with term pigs (9–11). Similarly, in preterm infants delayed or absent physical movement predict a delay in onset of first walking (6) and walking coordination (1, 19). A previous study on gait development at 1 week of age in preterm and term pigs revealed only minor differences, although shorter strides and step lengths were present in preterm pigs after normalization for their smaller size (9). Interestingly, shorter strides are also observed in preterm infants, although such effects may disappear at later ages (1, 6). No longitudinal postnatal locomotion studies comparing preterm and term counterparts are available in pigs or infants. Studies in preterm pigs show that organ systems respond widely different to reduced gestational age at birth, either with fast adaptation after birth (lungs, gut, immunity) or with more prolonged defects, related to their immature state at birth (e.g., brain, bone, metabolism) (8, 20). Whether postnatal, rather than post-conceptional age, is the main driver of neuromuscular maturation is unclear. Rapid postnatal adaptation of neuromuscular development would encourage specialized neonatal support to reduce later dysfunctions (6, 21, 22).

The present study compares motor skill development in piglets that are born preterm (90% gestational age) (P) and term (T) at different time-points: 3, 4, 5, 8, and 18 days postnatally. We compare different aspects of gait between both groups and along the set of time-points: motor performance (speed, stride length, stride frequency), neuromotor skill/maturation (normalized motor performance and the different components of a stride cycle, for example, normalized step length, duty factor), and gait variability [for more info, see Materials and Methods section and previous publications (23, 24). We hypothesize that postnatal age rather than post-conceptual age drives gait development. Specifically, we hypothesize that preterm pigs show no developmental delay in motor performance, an equally long period of neuromotor maturation and a similar gait variability compared to pig born near term. Considering that low birth weight and sex have been reported to affect morbidities and motor development in infants (4, 5, 25–27) and preterm pigs (10, 20), we made subgroup analyses according to weight (0–25 vs. 50–75% birth weight percentiles) and sex (male, female).



MATERIALS AND METHODS


Study Animals

Four litters of pigs (Danish Landrace × Large White × Duroc) (litter sizes 20–23) were used in this study. One litter was born by cesarean section at term (gestation day 115; term = 115–117 days, T piglets, n = 20, birth weight (live born piglets) 1,049 ± 222 g). Three other litters were delivered preterm at 90% gestation through a cesarean section (gestation day 106; P piglets, n = 38, birth weight (live born piglets) 883 ± 199 g), as outlined previously (14). In brief, the piglets were resuscitated immediately after cesarean section and placed in oxygenated and temperature-controlled incubators. Within 3 h after birth, a catheter was placed via the transected umbilical artery to allow parenteral nutrition support, and an orogastric feeding tube was placed to allow enteral bolus feeding. The postnatal handling of these two groups was identical and followed the protocol outlined in (14). Both T and P piglets were nourished enterally with increasing amounts of raw bovine milk with lactose added (Variolac, 6 g/l, Arla Foods Ingredients, Århus, Denmark). During the first 7 days of life, the pigs were fed with parenteral nutrition (modified Kabiven solution, Fresenius Kabi, Bad Homburg, Germany) in addition to their enteral diet. All the piglets received the same amount of nutrition (relative to body weight). The clinical condition of each piglet was evaluated at least twice per day. During the first 5 days of life, these piglets were kept individually in heated incubators with supplemental oxygen during the first 12 h after birth. Later, they were transferred to larger open cages. P and T piglets were not mixed.

All piglets were euthanized on postnatal day 19 using initial induction of anesthesia (mixture of zolazepam, tiletamine, ketamine, butorphanol, and xylacin) followed by intracardiac injection of a lethal dose of sodium pentobarbital. All experimental procedures were approved by the Danish Animal Experiments Inspectorate (2014-15-0201-00418).



Video Sequences

Piglets were gently encouraged to walk at voluntary speed through a custom-made corridor (fitted with a reference grid), while lateral view video recordings were made (12.8-megapixel, 50 Hz, JVC GC-PX100, JVC Kenwood Corporation, Kanagawa, Japan) at five time points: 3, 4, 5, 8, and 18 days after birth. At each recording day, three successive movies per piglet were recorded. Only videos that had at least one completed cycle without pausing or falling were retained for further analysis. In each retained sequence, one complete stride cycle was analyzed. More details on the recording and selection of the video sequences are found in previous papers (23, 24).



Gait Analysis

In each of the video sequences, five body landmarks were digitized field-by-field using Matlab (MathWorks, Natick, MA, USA), using a free work package written by Ty Hedrick (University of North Carolina, USA; http://www.unc.edu/~thedrick/software1.html). The first four points were the most distal point of the distal phalanx (claw of the fourth toe) of each leg, and the fifth point was the eye or a dark spot on the skin. The latter body point was included to measure overall forward displacement of the body throughout a stride. An image showing the setup of the recording has been previously published by our group and depicts all the reference points used in the gait analysis (23). From our previous gait studies, we know that the choice of the landmark does not introduce extra variability to the dataset, as long as the landmarks are easily tracked throughout the stride (23, 24).

A linear dimension—related to locomotion—was necessary for the normalization of certain variables [dynamic similarity principle by Alexander and Jayes (28); see Table 1]. In previous gait analysis of the piglet, functional hind limb length (HLL), that is, the distance between the most distal part of the distal phalanx (of the fourth toe of the hindlimb) and the tail base, was used (23, 24). HLL was measured once in each sequence, in the frame where the hind limb closest to the camera was on the floor and supporting the piglet's weight. In addition, two points on the reference grid were digitized for scaling purposes (for more information on the setup and an image depicting all these landmarks, we refer the reader to (23).


Table 1. Summary of all used variables (abbreviations (ABB), definitions, and formulas, including normalization procedure [NP, adapted from (23)].
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Fourteen gait variables were calculated using a custom-written Matlab script [made by Goyens, see (23)], based on the digitization of the abovementioned five body landmarks. An overview of all variables, including definitions, formulas, and normalizations (if applicable), is found in Table 1. Variables can be subdivided into three main categories: motor performance, neuromotor skill/maturation, and gait variability (23, 24). Motor performance included absolute values of self-selected speed (u) and its components stride frequency (f) and stride length (lstride). Neuromotor skill/maturation included all spatiotemporal gait variables that were normalized to HLL (made dimensionless), in accordance with the dynamical similarity put forth by Alexander and Jayes (28). The evolution of these variables over time indicates neuromotor maturation, whereas differences in these variables between groups indicate a difference in neuromotor skill as such. Gait variability was measured through asymmetry indices (AIs). The smaller the AI, the larger the symmetry. Theoretically, they can range from 200 to 0% (30). Variables were calculated per piglet (u and u′), per leg pair (AIs) or per leg (spatiotemporal gait variables, both absolute and normalized).



Statistics

Generalized regression models were used to test whether condition [T (n = 20) or P (n = 38)] and age after birth (and their interaction) had a significant effect on the different outcome variables. When constructing the models, it was considered whether a variable was calculated per pig (body weight, HLL, u, u′), leg (all absolute and normalized spatiotemporal gait variables with the exception of u and u′), or legpair (AIs). In case of variables that were leg or legpair specific, leg or legpair was added as a fixed effect, and a random factor for leg or legpair nested in piglet could be added (when proven a significant addition to the model through log-likelihood testing). Post hoc testing was approached differently, depending on the investigated effect and variable. When comparing legs, post hoc testing with Tukey's correction was applied. In case of an age effect, post hoc testing with Dunnett's correction was applied. In this case, day 18 (as the most mature age) was used as a reference, as this reduced the number of between-group comparisons and because we were interested in the maturation pattern and not the day-to-day-variation.

The testing of P-MALE (n = 21) vs. P-FEMALE (n = 17) pigs was done on the entire preterm dataset. For selecting which piglets were P-LBW and P-NORM, per litter the lowest-quartile (0–25th percentile) and the third-quartile (50–75th percentile) birth weights were calculated. This led to a P-LBW group of nine filmed piglets (birth body weight 660 ± 251 g) and a P-NORM group of nine filmed piglets (birth body weight 990 ± 130 g). The statistical analysis itself was the same as in the T vs. P dataset, with “condition” being replaced by “BW-category” or “sex.” Interactions between these two effects could not be included in the model, because the P-LBW/P-NORM dataset was too small to include sex as an effect.




RESULTS


Morphometrics

There was no interaction between condition (P vs. T), sex or birth weight and postnatal age for both body weight, and HLL (p > 0.05). Thus, only the overall effects of age and gestational age were statistically assessed.

The body weight of the piglets in the age groups 3, 4, 5, and 8 days was significantly different from that at the reference age d18 [p < 0.001 for P (n = 38), T (n = 20), P-LBW (n = 9), P-NORM (n = 9), P-MALE (n = 21), and P-FEMALE (n = 17)] (Table 2). Additional post-hoc analysis—comparing all age groups with each other—revealed that the body weight of P and T piglets (as well as P-LBW, P-NORM, P-MALE, and P-FEMALE) remained constant from d3 up to and including d8 and increased between d8 and d18 (p < 0.001 for d3–d8 vs. d18). Overall, body weight was lower in P compared to T piglets (p = 0.001). Body weight was overall lower in P-LBW piglets compared to P-NORM piglets (p < 0.001) but did not differ between P-MALE and P-FEMALE.


Table 2. Body weight (mean ± SD; kg) according to gestational age at birth (condition) (preterm at gestational age 106 days—term at gestation age 115 days) and postnatal age (3, 4, 5, 8, and 18 days), birth weight (low birth weight (LBW): 0–25th percentile—normal birth weight (NORM): 50–75th percentile), and sex (female vs. male).
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HLL in each age group was significantly lower from that at the reference age d18 [p < 0.0001 for P (n = 38), T (n = 20), P-LBW (n = 9), P-NORM (n = 9), P-MALE (n = 21), and P-FEMALE (n = 17)] (Table 3). Additional post-hoc analysis—comparing all age groups with each other—revealed HLL remained constant from d3 up and including d5 and increased between d5 over d8 to d18. In addition, P piglets had shorter legs, as evidenced by a shorter HLL (p < 0.001). HLL was overall lower in P-LBW piglets compared to P-NORM piglets (p < 0.001) but did not differ between P-MALE and P-FEMALE.


Table 3. Hindlimb length (HLL) (mean ± SD; m) according to gestational age when cesarean-section derived (condition) (preterm at gestational age 106 days—term at gestation age 115 days) and postnatal age (3, 4, 5, 8, and 18 days), birth weight (low birth weight (LBW): 0–25th percentile—normal birth weight (NORM): 50–75th percentile), and sex (female vs. male).
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Motor Performance

u did not show any interaction between condition (P vs. T) and postnatal age and was not different between P (n = 38) and T (n = 20) piglets. u increased with postnatal age (p < 0.001). Irrespective of P or T, piglets at d3–8 had a significantly lower u compared to d18 (d3: p < 0.001, d4: p = 0.010, d5: p = 0.002, d8: p = 0.029) (Figure 1A) (data points = 215). As for the components of u, we did note an interaction between condition and age (lstride: p < 0.001; f : p = 0.002) resulting in differences between P and T piglets. lstride in both groups increased up to d18 (p < 0.001 for all group comparisons). At every time point, lstride was higher for T piglets, compared to P piglets [p = 0.010 (d3), p < 0.001 (d4–18)]. T piglets increased their f from d3 to d18 (p = 0.021), but other age differences were not observed in both T and P piglets. f was significantly lower in T, compared to P piglets at d3, d5, and d8 (p < 0.001, p = 0.001, p = 0.024, respectively) (Figure 1B) (data points = 860). This means that T piglets took bigger steps at a lower frequency than P piglets, resulting in a similar speed.
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FIGURE 1. Motor performance. All values are mean ± SE. (A) Speed (u, ms−1) according to condition (P: preterm, gray; T: term, black) and age. u of P and T piglets is similar. Mean values indicated with * differ from d18. (B) For stride length (lstride, m, full line) and stride frequency (f, s−1, dotted line), an interaction was observed between condition (P vs. T) and postnatal age. lstride was higher in T than in P pigs. f was lower in T, compared to P pigs at d3, d5, and d8). Mean values of lstride indicated with “Φ” differ from d18 for P and T. Except for T piglets increasing their f from d3 to d18, T and P pigs did not change their f with age. (C) Speed (u, ms−1) of preterm pigs did not differ with birth weight (normal birth weight (P-NORM); low birth weight (P-LBW)) and postnatal age. (D) Stride length (lstride, m, full line) and stride frequency (f, s−1, dotted line) according to birth weight (P-NORM vs. P-LBW) and postnatal age. P-NORM piglets had a higher lstride and a lower f, compared to P-LBW. Mean values indicated with * differ from d18 for lstride and for f. (E) Speed (u, ms−1) according to sex of preterm piglets (female: P-FEMALE; male: P-MALE) and age. No differences are noted with sex. Mean values indicated with * differ from d18. (F) Stride length (lstride, m, full line) and stride frequency (f, s−1, dotted line) according to sex (P-MALE vs. P-FEMALE) and postnatal age. There was an interaction of postnatal age and sex for lstride, indicating that lstride was higher for P-FEMALE at d3 whereas the effect for f was not depending on postnatal age and f was overall higher in P-MALE. Mean values of indicated with “Φ” and “*” differ from d18 for lstride and f, respectively. Black colors indicate differences in T while gray colors indicate differences in P piglets.


u was not different for P-LBW (n = 9) and P-NORM (n = 9) piglets (Figure 1C) (data points = 60). Similar to T vs. P piglets, this u was achieved differently: P-NORM piglets had a higher lstride and a lower f, compared to P-LBW (p < 0.001 and p = 0.016, respectively). lstride was increased (all comparisons with d18 p < 0.001), whereas f was dropped with age (only d3 differed from d18, p < 0.001) (Figure 1D) (data points = 240).

P-MALE (n = 21) and P-FEMALE (n = 17) piglets did not differ in u (Figure 1E) (data points = 134), although lstride was higher for P-FEMALE at d3 (p < 0.001) and f was overall higher in P-MALE (p = 0.001). Both groups increased their lstride (all comparisons with d18 p < 0.001) and overall dropped their f (only d3 differed from d18, p < 0.001) (Figure 1F) (data points = 536).



Neuromotor Control—Normalized Motor Performance

u′ was not different between P (n = 38) and T (n = 20) piglets and increased in a similar fashion. Irrespective of P or T, u′ was lower at d3 and d5, compared to d18 (p = 0.001, 0.050, respectively), indicating that the piglets were able to obtain a mature normalized speed between d5 and d8 (Figure 2A) (data points = 215). For lstride′, the maturation period was longer in P piglets, which showed lower values until d8, compared to d18 (p < 0.001). However, in T piglets, d8 and d18 were not significantly different anymore (d3–d5 vs. d18 p < 0.001). lstride′ was consistently shorter in P piglets (p < 0.001 at all ages). f′ showed a fairly inconsistent maturation pattern in T piglets with d3 and d8 (but not d4 and d5) being significantly different from the reference age at d18 (p < 0.001 and p = 0.014, respectively). This gait characteristic did not show maturational changes in P piglets. At d3, d5, and d8, f′ was significantly higher in P piglets, compared to T piglets (p < 0.001, p = 0.018, 0.004, respectively) (Figure 2B) (data points = 860).
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FIGURE 2. Neuromotor control. All values are mean ± SE. (A) Normalized speed (u′) according to condition (P: preterm, gray; T: term, black) and age. u′ of P and T piglets is similar. Mean values indicated with * differ from d18. (B) For normalized stride length (l′stride, full line) and stride frequency (f′, dotted line), an interaction was observed between condition (P vs. T) and postnatal age. lstride′ was shorter in P piglets. At d3, d5, and d8, f′ was higher in P piglets, compared to T piglets. Mean values of lstride′ and f′ indicated with “Φ” were different from d18. (C) Normalized speed (u′) of preterm pigs did not differ with birth weight (normal birth weight (P-NORM); low birth weight (P-LBW) and postnatal age. (D) Normalized stride length (l′stride, full line) and normalized stride frequency (f′, dotted line) according to birth weight (P-NORM vs. P-LBW) and postnatal age. lstride′ was higher for P-NORM, and f′ was overall higher for P-LBW. Mean values of lstride′ and f′ indicated with “*” were different from d18. (E) Normalized speed (u′) did not differ according to sex of preterm piglets (female: P-FEMALE; male: P-MALE) and postnatal age. (F) Normalized stride length (l′stride, full line) and normalized stride frequency (f′, dotted line) according to sex (P-MALE vs. P-FEMALE) and postnatal age. There was an interaction of postnatal age and sex for l′stride indicating that lstride was higher for P-FEMALE at d3, 8, and 18, while f′ was overall higher in P-MALE. Mean values of indicated with “Φ” differ significantly from d18 for l′stride. Black colors indicate differences in T while gray colors indicate differences in P piglets.


While u′ did not differ between P-LBW (n = 9) and P-NORM (n = 9) (Figure 2C) (data points = 60), f′ was overall higher for P-LBW (p = 0.003), while lstride′ was higher for P-NORM (p < 0.001) (Figure 2D) (data points = 240). u′ did not show any age-related changes in P-LBW and P-NORM. However, lstride′ increased (all comparisons p < 0.001) whereas f′ discretely dropped (d3 vs. d18: p = 0.003) (Figure 2D).

Similarly, u′ did not differ between P-MALE (n = 21) and P-FEMALE (n = 17) piglets and did not differ with postnatal age (Figure 2E) (data points = 134). f′ was higher (p = 0.001) whereas lstride′ (at d3, 8, and 18; p < 0.001, 0.018, 0.037, respectively) was lower for P-MALE, compared to P-FEMALE. lstride′ increased with age in both P-MALE and P-FEMALE (all comparisons with d18, p < 0.001) (Figure 2F) (data points = 536).



Neuromotor Control—Normalized Gait Characteristics

For df, we noted a short window of maturation, evidenced by the larger value at d3, compared to d18 (p < 0.001) (Table 4). Df was lower for P-MALE (n = 21), compared to P-FEMALE (n = 17) (p = 0.019).


Table 4. Duty factor (Df) (mean ± SD; m) according to gestational age when cesarean-section derived (condition) (preterm at gestational age 106 days—term at gestation age 115 days) and postnatal age (3, 4, 5, 8, and 18 days), birth weight (low birth weight (LBW): 0–25th percentile—normal birth weight (NORM): 50–75th percentile), and sex (female vs. male).
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The mean value of [image: image] was similar in both groups except at d3, when it was higher for T piglets (n = 20) compared to P piglets (n = 38) (p < 0.001). Mean tsw′ was lower for P than for T piglets at most time points (p < 0.001 at d3 and d8, p = 0.017, 0.033 at d5 and d18) (Figure 3A) (data points = 860). In T piglets, [image: image] was significantly higher at d3 compared to d18 (p = 0.002), while there was no maturation visible in P piglets. tsw′ had a longer window of maturation in T piglets, with both d4 and d8 exhibiting significantly higher values compared to d18 (p < 0.001, for both). In P piglets, tsw′ for d3 was lower when compared with d18 (p = 0.010). [image: image] was higher in P-NORM (n = 9) compared to P-LBW (n = 9) (p = 0.034) (Figure 3B) (data points = 240) and for P-FEMALE (n = 17) compared to P-MALE (n = 21) (p = 0.001) (Figure 3C) (data points = 536) while tsw′ did not differ. As observed in the comparison between T and P piglets, [image: image] did not show any differences with postnatal age, while the effect of postnatal age on [image: image] was confirmed when comparing P-FEMALE with P-MALE (p = 0.004).
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FIGURE 3. Normalized stance and swing duration. All values are mean ± SE. (A) Normalized stance duration ([image: image]; full line) and swing duration ([image: image]; dotted line) according to condition (P: preterm, gray; T: term, black) and age. Mean values for [image: image] at d3 and tsw′ at d3, d5, d8, and d18 were higher in T than in P. Mean values of [image: image] and tsw′ indicated with “Φ” were different from d18. (B) Normalized stance duration ([image: image]; full line) and swing duration ([image: image]; dotted line) according to birth weight (normal birth weight (P-NORM); low birth weight (P-LBW) and postnatal age. [image: image] was higher in P-NORM compared to P-SGA. (C) Normalized stance duration ([image: image]; full line) and swing duration ([image: image]; dotted line) according to sex (female: P-FEMALE; male: P-MALE) and postnatal age. [image: image] was higher in P-FEMALE compared to P-MALE. Mean values of tsw′ indicated with “*” were different from d18. Black colors indicate differences in T while gray colors indicate differences in P piglets.


lstep′ was higher in T pigs (n = 20) compared with P (n = 38) pigs (p < 0.001) while hswmax′ was similar. lstep′ increased (all comparisons: p < 0.001) whereas hswmax′ dropped with postnatal age (all comparisons: p < 0.001). The latter occurred in a leg-dependent manner: hswmax′ was higher at d3, d4, d5, and d8, compared to d18 for LF, RF, and LF. For RF, d8 did not differ from d18 anymore. lstep′ was overall higher for P-NORM (n = 9) (p < 0.001) while [image: image] did not differ between P-LBW (n = 9) and P-NORM. lstep′ (d3, d8, d18; p < 0.001, p < 0.001, p = 0.001, respectively) and [image: image] (p = 0.001) were lower for P-MALE (n = 21), compared to P-FEMALE (n = 17) (Table 5).


Table 5. ormalized step length (lstep′) and maximal swing height (hswmax′) (mean ± SD; m) according to gestational age when cesarean-section derived (preterm at gestational age 106 days—term at gestation age 115 days) and postnatal age (3, 4, 5, 8, and 18 days), birth weight (low birth weight (LBW): 0–25th percentile—normal birth weight (NORM): 50–75th percentile), and sex (female vs. male).
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Gait Symmetry

P piglets (n = 38) showed a higher AIL (p < 0.001) and AISL (only the front legs, p < 0.001), compared to T piglets (n = 20). AIF, AIST, AISW, and AIDF did not differ between P and T piglets. There was some maturation visible for several of the asymmetry variables (similar in T and P piglets). AIL was significantly higher at d3, d4, and d5 compared to d18 (p = 0.008, 0.019, 0.028, respectively) (Figure 4A) (data points = 430). A similar observation was seen when looking at P-MALE (n = 21) and P-FEMALE (n = 17) (p = 0.031) (Figure 4) (data points = 268) but not in the preterm pigs belonging to selected birth weight categories (Figure 4) (n = 18, data points = 120). Higher values for AISL were noted at d3, d4, and d8, compared to d18 (p = 0.008, 0.005, 0.011, respectively) (Figure 4D). For AISW and AIDF, only d8 was significantly higher than d18 (p = 0.002, 0.002, respectively). Only one of the asymmetry indices differed between P-LBW (n = 9) and P-NORM (n = 9) piglets. AIF was lower for P-LBW at d4 and d18 (p = 0.028, 0.041, respectively). None of the asymmetry indices were different between P-MALE (n = 21) and P-FEMALE (n = 17) piglets (Figure 4).


[image: Figure 4]
FIGURE 4. Gait symmetry. All values are mean ± SE. Asymmetry index stride length (AIL) according to postnatal age and (A) condition (P: preterm, gray; T: term, black), (B) birth weight (normal birth weight (P-NORM); low birth weight (P-LBW), and (C) sex (female: P-FEMALE; male: P-MALE). AIL is higher in P than in T piglets. Mean values indicated with * differ significantly from d18. Asymmetry index step length (AISL) according to postnatal age and (D) condition (P: preterm, gray; T: term, black), (E) birth weight (normal birth weight (P-NORM); low birth weight (P-LBW), and (F) sex (female: P-FEMALE; male: P-MALE). AISL is higher in P than in T piglets (front leg). Mean values indicated with * differ significantly from d18.





DISCUSSION


The Effect of Premature Birth

As expected, both body weight and HLL were lower in P compared to T piglets during the first week of postnatal life. This indicates that when the preterms are born, they are indeed smaller due to a shortened period of growing in utero. However, by d18 this difference disappeared, showing that P piglets catch up with T piglets after a week.

When looking at motor performance (measured by u), P and T piglets performed equally well. This was somewhat surprising since, given their lower muscle mass and lesser muscle anabolic response (31), we expected that preterm pigs would be overall slower. However, it is possible, that, relative to total body weight, their muscle mass is equally (or more) developed. We have found this to be true for low birth weight piglets in our previous studies (24, 32), and this is also the case in preterm piglets vs. their term counterparts at 26 days of age (14). Thus, their muscle mass might allow them to produce enough force to keep up their motor performance (voluntary self-selected speed), which would translate into a higher frequency that counterbalances the smaller strides of P piglets. Additionally, the lack of a difference in motor performance might indicate that gait performance has little to do with post-conceptional age in late gestation, but more with postnatal age and environmental factors. Not only did both groups remain in a heated incubator for 5 days before being transferred to an open cage, but also they received the same combination of enteral/parenteral food (relative to body weight), taking a possible difference in feed intake or route of administration (enteral vs. parenteral) that may affect gait development (10, 32) out of the equation.

Overall neuromotor maturation (u′) was not delayed in P piglets and reached maturity between d5 and d8 in both P and T piglets. This supports our hypothesis that postnatal age and environment, rather than post-conceptional age, affect neuromuscular development. At first sight, our results are surprising, because other studies have demonstrated that preterm pigs show motor coordination delays during the first weeks after birth (10, 14, 33). According to Andersen et al. (14), these delays are generally shorter than the reduction in gestation length, which indicates that preterm pigs do show some developmental plasticity. In their study, piglets were born 12 days preterm, but basic motor function (first time standing up and first time walking), locomotion, and balance/coordination scores suggested delays of 2, 5, and 11 days, respectively. A delay of 2–3 days in basic motor function in preterm vs. term piglets was confirmed by Obelitz-Ryom et al. (11). In this study, the majority of both preterm and term piglets were standing up and walking by the third postnatal day. A delay in the onset of walking (1.43–2.16 months) is seen in preterm infants (6) and rabbits (34). In rabbits, the lower motor score observed in preterm (28 days of post-conceptional age) vs. term (31 days post-conceptional age) newborns corresponded with lower neuron densities in the former (34). As such, it is likely that we “missed” these delays in our motor performance and neuromotor development data, because recordings were only made from day 3 onward and precocial animals show a relative mature brain and neuromuscular functions by the end of gestation (10, 35).

When looking into the neuromotor skills (normalized gait characteristics), P and T piglets have different strategies to reach a mature neuromotor performance if we consider normalized speed as the proxy for the latter. This differing repertoire is in line with several studies in preterm infants, for example, (1, 6). Different patterns of neuromotor skills' development were observed in our study: 1) no maturation in P piglets (f′, [image: image]), 2) slightly longer maturation ([image: image][image: image]
), or 3) similar pattern of maturation (df, [image: image]) when compared to T piglets. Based on these results, one might consider preterm pigs to suffer from a “stunted” maturation for certain aspects of the gait that is compensated for by other neuromotor skills. This is reflected in a differently looking gait at the age of 18 days in P piglets irrespective of their body dimensions: P piglets take shorter steps (indicated by shorter [image: image], shorter [image: image], shorter time between footfalls shown by shorter [image: image]) at a higher frequency (indicated by an overall higher f′) than T piglets. In preterm infants during childhood, a shorter stride length was also reported (6). As neuromotor maturation is completed by d18 (23, 24), it is likely that this difference in neuromotor skills (gait characteristics) between P and T piglets remains during the rest of their life. A follow-up study in adult pigs is needed to confirm this as in a more detailed study focusing on 3–5 postnatal age. Such a study—including challenges such as hurdles and treadmills—can provide more insight in the “gait repertoire” of preterm vs. term pigs of which this study hints that this is differing.

Taking a closer look at gait variability, we compare the balance/coordination results of Andersen et al. (14) with our results, which are strikingly different. Where they suggest a delay of 11 days for preterm pigs, compared to term pigs, we see no difference between groups in achieving a symmetrical gait pattern. The most likely explanation is the different way of studying balance/coordination between Andersen et al. (14) and our study. Where we digitized and calculated AIs, they relied on scoring by the experimenters. We observed that both T and P pigs took a fairly long time to achieve a symmetrical gait, with some variables only reaching a stable value between d8 and 18. This was expected for P piglets. However, we expected T piglets to have an already mature state at d3, as we know from a previous study that term piglets achieve gait symmetry within the first day after birth (23, 24). Why this is not the case in this study might be explained by the different rearing conditions and “exercise” in these studies, where in Vanden Hole et al. (23, 24) the piglets were vaginally delivered, did not receive artificial feeding, and remained with the sow in a farm environment. The postnatal environment also proved its importance in rat pups, which suffer from abnormal locomotion that lasted even until adulthood when rats were subjected to both prenatal (i.e., intrauterine hypoperfusion) and postnatal (i.e., sensorimotor restriction) insults (36). Studies on gait symmetry (and stability) in human preterms are inconclusive on whether or not a difference exists and whether this is maintained throughout development (6).



The Effect of LBW

The body weight of both groups of preterm piglets increased over time, but the difference in body weight at birth between P-LBW and P-NORM piglets was maintained, indicating that P-LBW piglets do not show catch-up growth, relative to their normal-size preterm littermates, within the first 18 days. However, this difference in body weight resulting from fetal growth restriction did not affect motor performance, indicating that, relative to total body weight, muscle mass in P-LBW and P-NORM piglets is similar. It could be expected that in P-LBW piglets the energy reserve at birth is lower, as we also found in term LBW pigs (32). In term LBW pigs, this is probably the main reason for the lower performance in growth-restricted animals (24). However, in our current study, the lesser energy reserves are replenished rapidly by the artificial rearing and pigs are assessed at a later age.

P-LBW and P-NORM piglets also show the same pattern of neuromotor maturation in all of the investigated variables. With regard to f′, lstride′, and lstep′, a difference in neuromotor skill was detected. However, it must be noted that by d18 differences are reduced to a minimum, implying that the gait looks the same in P-LBW and P-NORM. The lack of visible differences in neuromotor maturation is possibly due to the lack of video recordings during the first 3 days, a period where other studies have reported delays in basic neuromotor skill (11, 14). Most of the pigs in these studies were capable of standing up and walking within the first 3 days after birth. In addition, the delays in first-time standing up and first-time walking were only 15 and 17 h, respectively. In order to register these fairly short delays, a future study should keep in mind that time points for gait measurements should be closer together and start at the time of first-time walking. In a previous study, detailing neuromotor development in the first 4 days in low birth weight vs. normal birth weight term piglets, we found no differences in time of maturation, but we did find a difference in neuromotor skill (more specifically, f′, tsw′, and [image: image]) (24). With the exception of AIF, gait variability was the same in P-LBW and P-NORM piglets. These results are in line with previous results on gait variability in low birth weight and normal birth weight term piglets, where also no difference in gait variability was detected (24).

Overall, our results suggest that growth restriction hardly affects gait development in preterm pigs between 3 and 18 days of life when artificially reared.



The Effect of Sex

Body weight and HLL were not different in P-MALE and P-FEMALE piglets across the entire studied period. In agreement with their body dimensions (similar leg length, muscle mass) and the same artificial rearing scheme, motor performance was the same in both groups. Neuromotor maturation shows the same pattern in P-MALE and P-FEMALE piglets, but neuromotor skill often differed between sexes (with the exception of u′). Most variables showed a larger mean value in P-FEMALE, except for f′ which was higher in P-MALES. It is important to keep in mind though that these differences in neuromotor skill do not imply a better or worse gait pattern in either sex. This just means that their gait, relative to their body dimensions, is slightly different, an observation we also saw when comparing P with T piglets. Simply put, whereas P-MALES take more, but shorter, steps to cover a certain distance, P-FEMALES will take fewer, but larger steps. Gait variability was the same in both groups across the entire studied period. These fairly limited differences in gait between sexes are consistent with Bæk et al. (20) and with our previous studies on term piglets (23) where no sex-related differences regarding overall motor performance were reported.



Relevance

Piglets born at 90% gestation are often considered to have an overall survival capacity and gut function of 28–30-week-old infants [see review by (8)], while the developing brain may be more similar to 34–37 week old infants, the so-called “late preterm infants” (14, 33). In agreement with this, the development of the skeletal and nervous systems is considered to be slightly faster in newborn piglets than in babies, as reviewed elsewhere (37, 38). As such, our results will be most relevant for the latter category of preterm infants. These late preterm infants have only recently become a topic of interest. Although they comprise the bulk part of preterm births [considering the increasing number of elective cesarean sections (39), they remained fairly unrepresented in studies because, compared to early preterm infants, their deficiencies (after birth and later in life) seemed less severe (1, 2, 4, 6, 40). However, it has become clear that late preterm infants experience a substantial mortality and neonatal morbidity [see review by (41)]. Compared to term infants, they exhibit higher rates of temperature instability, respiratory distress, hypoglycemia, jaundice, etc. (42–44). Also, later in life, these infants experience difficulties in speaking, writing, mathematics, behavior, and physical education and are at higher risk for motor impairment (1, 2, 4, 6, 45). In our study, we put the preterm piglet forward to study the effect of late prematurity on neuromotor skill development. Our results show that the precocious nature of the pig with regard to neuromotor development is preserved in case of preterm birth since most of the effects of prematurity resolved by days 3–5. Thus, when studying effects of gestational age, birth weight, sex, and postpartum environment (nutritional interventions, exercise) on neuromotor development using the preterm piglet, the focus should lay on the first days after delivery. It must be considered that pigs delivered prematurely were not able to stand and walk within the first hours after life. It was only on day 3 when most of the piglets included in this study were able to walk and therefore be recorded. This may be a limitation of this model, since the first postnatal hours are critical in the development of neuromotor skills. In addition, the results show that neuromuscular development—as seen for other organs systems—is highly plastic and capable to catch up, showing that postnatal rather than post-conceptional age is the main driver. This indicates that there is a window of opportunity to optimize the neuromotor performance in the case of prematurity. In addition, the gait of the preterm pig shares many characteristics (shorter stride length, delayed-onset first walking, reduced repertoire) with that of the human infant, putting the preterm pig at the forefront as a translational model.
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ABBREVIATIONS

AIDF, AI duty factor; AIF, AI stride frequency; AIL, AI stride length; AISL, AI step length; AIST, AI stance duration; AISW, AI swing duration; df, duty factor; f, stride frequency; g, gravitational acceleration; hswmax, maximum swing height; HLL, hind limb length; lstep, step length; lstride, stride length; tst, stance duration; tsw, swing duration; u, self-selected speed.
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Background: Previous studies indicated preterm birth to be a risk factor for hypertension in adolescence and adulthood. However, studies in children investigating the underlying mechanisms are scarce.

Objective: We hypothesized children born preterm to have higher excretion of cortisol and/or androgen metabolites per day concomitantly with higher blood pressure as compared to peers born at term. We thus aimed to compare urinary steroid profiles and blood pressure between 5- to 7-year-old children born preterm and peers born at term. Furthermore, aldosterone precursor excretion per day was compared between both groups.

Methods: Blood pressure was measured in 236 children (preterms n = 116; gestational age 29.8 ± 2.6 (30; 24–33) weeks [mean ± standard deviation (median; range)]) using an automatic oscillometric device. Urinary steroid profiles were determined in 24-h urine samples (preterms n = 109; terms n = 113) using gas chromatographic-mass spectrometric analysis. To assess excretion of cortisol and androgen metabolites per day, major cortisol and androgen metabolites were summed, respectively. To assess aldosterone excretion per day tetrahydrocorticosterone, 5α-tetrahydrocorticosterone, and tetrahydro-11-deydrocorticosterone were summed.

Results: Multiple regression analyses showed prematurity to be associated with systolic but not with diastolic blood pressure. When adjusted for potential confounders (prematurity, gender, age at day of examination, being born small for gestational age, breastfeeding, accelerated weight gain during infancy, family history of cardiovascular disease, parental hypertension, and body mass index) prematurity was shown to be associated with an increase in systolic blood pressure by 2.87 mmHg (95% confidence interval 0.48–5.27; p = 0.02). Cortisol, androgen metabolite, and aldosterone precursor excretion per day were not higher in individuals born preterm. In contrast to our hypothesis, multiple regression analysis showed prematurity to independently decrease cortisol and aldosterone precursor excretion per day (p < 0.001 and 0.04, respectively).

Conclusion: This study provides further evidence for systolic blood pressure to be higher after preterm birth as early as at the age of 5 to 7 years. However, this seems not to be explained by elevated excretion of cortisol and/or androgen metabolites.

Keywords: blood pressure, preterm, prepubertal, steroid metabolism, preterm birth, cortisol, adrenal steroid, developmental origin of adult disease


INTRODUCTION

Several studies indicate higher blood pressure (BP) values in adolescents and in adults born preterm (1–9). Data on blood pressure before adolescence in children born preterm as compared to children born at term are comparatively scarce. Two groups (10, 11) described higher BP in toddlers born preterm as compared to toddlers born at term. Some reports on BP in school-age children born preterm had been restricted to specific groups, such as individuals born small for gestational age (SGA) (12) or born at an extremely low gestational age (13). Only recently, data on blood pressure in 5- to 7-year-old children born preterm as compared to peers born at term were published (14–17). Further data are needed to elucidate whether, already at early school-age, individuals born preterm exhibit differences in BP as compared to peers born at term as reported in most—but not all—of these recent studies.

The underlying mechanisms that could lead to higher blood pressure as a sequela of preterm birth are not fully understood.

Increased BP after preterm birth might derive from altered hypothalamus-pituitary-adrenal (HPA) axis function. A stressful perinatal period—as it is experienced by children born preterm—might modify HPA axis functions (18, 19) with subsequent alterations in cortisol metabolism.

The aim of the present study was to compare (a) adrenal steroid metabolism and (b) BP between 5 and 7-year-old children born at a gestational age of 33 weeks or below (preterm group) and a group of children born at a gestational age between 37 and 41 weeks (term group). We hypothesized children born preterm to have higher excretion of cortisol and/or androgen than their peers born at term. We also hypothesized children born preterm to have higher BP as compared to children born at term.

To comprehensively describe adrenal steroid metabolism, we further measured the excretion of dihydroepiandrosterone (DHEA) and of aldosterone precursors per day [as urinary excretion of mineralocorticoids per day (ME/d)] in children born preterm and in children born at term by performing urinary steroid profiles in 24-h urine samples using gas chromatographic-mass spectrometric analysis.



SUBJECTS AND METHODS


Study Population and Ethics

All children who participated in the study were between 5 and 7 years old at the day of examination. Preterm children of a gestational age of 33 weeks or below were included in the study (preterm group). The control group comprised children of a gestational age between 37 and 41 weeks (term group). Children were recruited from the region of Hesse, Germany. We aimed to motivate as many parents of children born preterm as possible to participate in the study. Therefore, we chose several ways to recruit children born preterm. In Germany, one way to comprehensively circulate information to parents is the obligatory health examination before school entry, which is performed by the local public health services. The health examination is obligatory for all children, including mentally and/or physically handicapped children. All public health services within the radius of 120 km distributed information on the study to parents of children born preterm when they showed up for their obligatory health examination. In addition, pediatric offices within the same circumference were asked to distribute information on the study to the parents of children born preterm. Children born at term were also recruited through the obligatory health examinations before school entry as well as via newspaper advertisements. Recruitment and characteristics of both groups have been previously described in detail (20).

Exclusion criteria for all children were: type-1 diabetes, chromosomal abnormalities, major disability (gross motor function classification system > II) (21), chronic illness, and systemic corticosteroid therapy. All children had to be prepubertal, i.e., each child had to be Tanner stage I as ascertained by the study physician. Gestational age was taken from the hospital birth records. Detailed data concerning pregnancy, perinatal history, previous medical history, nutrition, growth, and weight gain were taken from the documents of the obligatory well-child visits and were complemented by information obtained from medical records. Additional information on the child's history as well as on family history was obtained by a structured interview at the day of examination.

Being born SGA was defined as a birth weight below the 10th percentile according to the percentiles of Voigt (22) for German newborns. Accelerated weight gain during infancy was defined as an increase in the percentile values of more than 25 percentiles between birth and the first birthday. A history of parental hypertension was ascertained if at least one parent reported to receive antihypertensive medication. A family history of cardiovascular disease was ascertained if at least one parent or grandparent had suffered coronary heart disease and/or myocardial infarction and/or stroke.

The study was approved by the local research ethics committee and written parental consent was obtained.



Anthropometry

Body weight and length were measured as recommended by Stolzenberg et al. (23) and body mass index (BMI) was calculated (24).



BP Measurements

After a 10-min rest, with the subject in a sitting position, BP was measured from the right upper arm three times with an interval of at least two min using an automatic device (Welch Allyn®, 52000 Series, Akanetateles Falls, New York, NY, USA). The measurements were taken by a trained study nurse. The cuff was chosen depending on the size of the child's upper arm as recommended by the American Academy of Pediatrics (25). The arithmetic means of three measurements for systolic and diastolic BP (SBP and DBP) were included in the analysis.



Urinary Adrenal Steroid Profiles in 24-H Urine Samples by Gas Chromatography-Mass Spectrometry

The study participants collected a 24-h urine sample for quantification of adrenal steroid hormone metabolites. The 24-h urine sample was collected within two weeks after the study visit.

Urinary steroid profiles were analyzed using quantitative data that were generated by gas chromatography-mass spectrometry (Agilent Technologies 6890) analysis as described previously (26, 27).

To assess urinary cortisol excretion per day (CE/d), the seven major urinary glucocorticoid metabolites, i.e., tetrahydrocortisol, 5α-tetrahydrocortisol, α-cortol, β-cortol, tetrahydrocortisone, α-cortolone, and β-cortolone were summed (27).

To assess urinary overall androgen metabolite excretion of the adrenals per day (AE/d), the sum of androsterone, etiocholanolone, 5-androstene-3β, 17α-diol, 5-androstene-3β,17β-diol, DHEA, 16α-hydroxy-DHEA, and androstenetriol-16α was calculated (26).

To assess aldosterone precursor excretion per day (ME/d), tetrahydrocorticosterone, 5α-tetrahydrocorticosterone, and tetrahydro-11-deydrocorticosterone were summed.

Absolute amounts of metabolites, sums, and ratios calculated were divided by the absolute amount of 24-h urinary creatinine excretion. For comparisons between term and preterm born children, these values were additionally divided by BMI or body surface area (BSA). Furthermore, these comparisons were done separately for boys and girls, because reference values for urinary steroid metabolites differ between both genders (26, 27).



Statistical Methods

For continuous data, two sample t-tests were applied in case of a normal distribution, Mann-Whitney U tests when the values were not distributed normally. Because data on urinary steroid profiles can contain an appreciable number of zero values, we applied a two-part permutation test (28). Dichotomous variables were compared using Fisher's exact test.

Since being born SGA is known to be associated with the development of metabolic and cardiovascular disease later in life, all analyses were also performed excluding children with SGA.

Further, multiple regression analyses were calculated to assess the influence of prematurity on blood pressure and urinary steroid profiles. The regressions were performed as follows.

(1) Multiple regression analyses were performed to describe the influence of prematurity on SBP and DBP. Initially, the following variables were included in the full model: prematurity, gender, age at day of examination, SGA, breastfeeding, accelerated weight gain during infancy, family history of cardiovascular disease, parental hypertension, and BMI.

(2) Multiple regression analyses were calculated to assess the influence of prematurity on CE/d, on AE/d, on ME/d, and on DHEA/d. Log-transformation was performed for the outcomes CE/d, AE/d, and ME/d, but not for DHEA/d, for which regression diagnostics showed that the residuals of the full model with DHEA/d as log-transformed outcome variable were not normally distributed. Therefore, we applied a Box-Cox transformation (29) to DHEA/d in order to obtain normally distributed residuals. In addition to the variable prematurity, the variables gender, age at examination, and being born SGA were included as potential confounders in the full model. In a secondary analysis, either BSA or BMI was added to the full model since body fat is known to be an endocrine organ.

(3) Backward elimination based on Akaike's information criterion (AIC) was chosen as the model selection algorithm to identify the best-fitting models based on the full models of (1) and (2). For the model selections regarding urinary steroid profiles in (2), both BSA and BMI were added to the full model.

Prematurity, gender, SGA, breastfeeding, accelerated weight gain during infancy, family history of cardiovascular disease, and parental hypertension were included as dichotomous variables in the regression models. Age at day of examination, BMI, and BSA were included as continuous variables in the regression models.

A p-value <0.05 was considered statistically significant. Statistical analyses were performed with statistical software package R, version 4.0.3 (30).




RESULTS


Baseline Characteristics and Anthropometric Data

A total of 236 children were included in the study. Out of these, 116 children were born preterm, i.e., of a gestational age of 24 to 33 weeks, and 120 children were born at term (37 to 41 weeks of gestational age). Baseline characteristics and anthropometric data of both groups are summarized in Table 1.


Table 1. Baseline characteristics of children born preterm and children born at term.
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Blood Pressure

SBP and DBP were on average higher in preterm-born children than in term-born children, although the differences were not statistically significant. However, after excluding SGA, a statistically significant difference was found for DBP between the two groups (Table 2).


Table 2. Raw blood pressure values in children born preterm and children born at term.
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Multiple regression analysis (n = 221; with n = 109 and n = 112 for preterm and term born children, respectively) showed prematurity and BMI to be associated with higher SBP (effect estimates: prematurity 2.87, 95% confidence interval (CI) 0.48–5.27; p = 0.02; BMI 1.31, CI 0.77–1.85; p < 0.001, adjusted r-squared 0.095). Thus, the variable “being born prematurely” increased SBP by 2.87 mmHg when corrected for potential confounders. After backward elimination, only the variables prematurity and BMI remained in the model (effect estimate for prematurity 3.01, CI 0.97–5.05; p = 0.004, and 1.32, CI 0.81–1.83; p < 0.001 for BMI; adjusted r-squared 0.11).

For DBP as the dependent variable, no significant association with any predictor was found when performing multiple regression analyses.



Adrenal Steroid Profiling in 24-H Urine Samples

24-h urine samples were available from a total of 222 children. Table 3 summarizes data characterizing the adrenal steroid metabolism.


Table 3. Adrenal steroid metabolites in children born preterm and children born at term.
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CE/d

In boys, no significant differences in CE/d were found between those born preterm and those born at term, regardless of whether the values were divided by BMI or BSA. In girls, higher CE/d was shown in those born at term as compared to girls born preterm, regardless of whether the values were divided by BMI or BSA. For all children (data not shown), higher values were shown for children born at term as compared to those born preterm. The differences described remained significant after exclusion of children born SGA. Multiple regression analysis (n = 221) showed the variable prematurity to independently decrease urinary CE/d (p < 0.001). Moreover, when BMI or BSA were additionally included in the model, the variable prematurity still significantly decreased urinary CE/d (p < 0.001 and p = 0.006, respectively). The optimal model according to the AIC included both prematurity and BSA (p = 0.004 for prematurity and p = 0.01 for BSA; adjusted r-squared 0.08).



ME/d

In boys, in girls, and in all children (data not shown), no significant differences with respect to ME/d were found between children born preterm and children born at term, regardless of whether the values were divided by BMI or BSA or children born SGA were excluded from the analyses.

Multiple regression analyses showed the variable prematurity to significantly decrease ME/d (p = 0.04). This effect was slightly lower when either BMI (p = 0.06) or BSA (p = 0.09) were added to the model. After backward elimination, only prematurity remained in the model (p = 0.03 and adjusted r-squared 0.016).



AE/d and DHEA/d

In all children, whether analyzed separately as boys and girls or independent of their gender (data not shown), no significant differences with respect to AE/d or DHEA/d were found between children born preterm and children born at term, regardless of whether the values were divided by BMI or BSA or children born SGA were excluded from the analyses. Multiple regression analyses also showed no influence of the variable prematurity on AE/d or DHEA/d.





DISCUSSION

We compared BP and urinary steroid profiles between 5 and 7-year-old children born preterm and peers born at term.


Study Population

We defined children of a gestational age of <34 completed weeks as our group of children born preterm since we aimed to include an extended spectrum of children born preterm, but also to have a group of preterm children that clearly differed from children born at term. We therefore included children born extremely and moderately preterm. Kramer et al. (31) defined moderate preterm birth as being born at a gestational age of 32 and 33 completed gestational weeks. A gestational age of 34 weeks and more has been suggested to define the cutoff for “late-preterm” (32, 33). The same cutoff has been used by Sipola-Leppänen et al. (5) who reported increased BP in adolescent girls born preterm.

We chose the narrow age span of 5–7 years to investigate BP and steroid metabolism between individuals born preterm and individuals born at term in order to minimize age-related variability and to thus enable better comparability of the values obtained. Further, we examined children younger than 8 years in order to study children that were unambiguously prepubertal and in whom adrenarche, i.e., adrenal androgen secretion, had not started yet.



Blood Pressure

In our group of 5-to 7-year-old children, prematurity was shown to be associated with an increase in SBP by 2.87 mmHg when adjusted for potential confounders. Differences in DBP, however, can mostly be explained by confounders and hence are not directly related to prematurity.

Our findings are in line with recent studies in late preschool and early school age children born preterm that report higher blood pressure readings as compared to age-matched children born at term (14, 17) and/or an increased prevalence of hypertension in preterm born children (15).

In conjunction with studies reporting higher BP in toddlers born preterm (10, 11), it may be assumed that in children born preterm, BP starts to deviate from normal BP at a young age and continues to deviate throughout childhood and adolescence. This is in line with a report on an inverse relationship between gestational age and BP in 9–12-year-old children (34).

The underlying mechanisms of increased BP values in individuals born preterm, however, have not yet been clarified. Several associations have been described: Singhal et al. (35) reported breast milk consumption to be associated with lower BP in adolescents born prematurely. Vohr et al. (36) reported higher weight gain within the first three years of life to be associated with higher BP in adolescents born preterm, while Bonamy et al. (10) described an inverse association between post-neonatal weight gain and BP in children born preterm at 2.5 years of age.

In our group of children born preterm, multiple regression analyses showed neither breastfeeding nor accelerated weight gain during infancy to be associated with SBP at the age of 5 to 7 years. Furthermore, multiple regression analyses did not show associations between SBP and the variables being born SGA, gender, cardiovascular disease in the family, and parental hypertension, thus supporting the hypothesis that high SBP in adolescents and adults born preterm has a perinatal origin, primarily linked to low gestational age.



Adrenal Steroid Profiling in 24-H Urine Samples

We hypothesized differences in BP between individuals born preterm and individuals born at term to be explained by differences in cortisol metabolism: A stressful perinatal period as it is experienced by children born preterm might result in programming of the HPA axis (18, 19) resulting in increased secretion of cortisol and its metabolites. Subclinical hypercortisolism is associated with increased BP (37, 38) and might thus mediate the link between prematurity and higher BP values in later life. Positive correlations between BP and serum cortisol levels measured at the age of 2 years were reported in a subgroup of boys with very low birthweight (39).


Urinary Cortisol Excretion in 24-H Urine Samples

In contrast to our hypothesis, prematurity was not associated with higher CE/d, but with significantly lower CE/d in preterms as compared to their peers born at term.

Recently, other groups also studied cortisol in former preterm children compared to children born at term of a similar age group as in our study, i.e., 6–7 years: Watterberg et al. (40) also hypothesized preterm-born children to have increased cortisol compared to term-born children. They measured salivary cortisol levels four times during a study visit and in addition three specimen were obtained at home to analyze diurnal patterns. In contrast to their hypothesis, they reported similar cortisol levels in preterm-born children compared to term-born children but with a blunted morning cortisol.

Brummelte et al. (41) measured cortisol levels in three saliva samples collected during a study visit in which children underwent cognitive testing. In addition, cortisol was measured in eight saliva samples collected at home over two consecutive days. They described similar cortisol profiles in preterm and full-term children except for cortisol levels measured at bedtime. Bedtime cortisol levels were higher in the preterm group.

Cortisol levels were also studied in preterm-born children that were younger or older than 6–7 years. Studies performed in younger children had indicated elevated cortisol secretion (42) in individuals born preterm. At the age of 18 months corrected for gestational age, Grunau et al. (42) measured higher cortisol concentrations in a cohort of children born at low gestational age as compared to peers born at term. Studies in preterm-born children studied at an older age than the children examined in our study also hint at higher cortisol secretion: Buske-Kirschbaum et al. (43) showed higher cortisol concentrations after awakening in 18 preterm children aged 8–14 years as compared to 18 control children. In morning urine samples obtained from 36 children aged 8–11 years who were born preterm, Gohlke et al. (44) reported higher cortisol, cortisol metabolites and adrenal androgens as compared to 36 peers born at term.

Taken together, data on cortisol secretion in children born preterm as compared to peers born at term are inconsistent. At least, data obtained from 6–7-year-old children, do not point to higher cortisol secretion in preterm-born children as compared to term-born children. However, studies performed in older children rather indicate increased cortisol secretion in former preterms.

Differences with respect to the age groups studied, the specific study populations, the study designs as well as the methods applied for cortisol measurements do not allow unconfined comparisons between all those studies. For example, the age ranges of 8–11 years (44) or even 8–14 years (43) encompass adrenarche and puberty which might influence cortisol metabolism. Moreover, different methods for measuring cortisol can be used. Measurements in saliva reflect cortisol production at selected points in time (40–43). Urinary steroid profiling as applied by Gohlke et al. (44) in morning urine samples and in our study in 24-h urinary specimens, however, represent integrated measurements, i.e., excretion rates of cortisol and thus allow for the assessment of hormonal production rates.

Data obtained from adults are inconsistent, i.e., in a prospective follow-up study including 147 30-year-olds born at term and 311 subjects of the same age group born preterm, Dalziel et al. (1) could not show an association between prematurity and early morning serum cortisol levels. In addition—and in accordance with our results—preterm birth was shown to be associated with increased SBP. In a comparatively small group, Walker et al. (45) showed lower total urinary cortisol metabolite excretion in 22- to 25-year-old women who were born preterm and appropriate for gestational age as compared to peers born at term.



Urinary Androgen Metabolite, DHEA and Aldosterone Precursor Secretion

Adrenal hyperandrogenism and higher ME/d might also explain higher BP values in children born preterm. We also studied AE/d, DHEA/d separately, and ME/d in our group.

In our study, prematurity was not associated with higher AE/d or DHEA/d. In contrast to our hypothesis, prematurity was even associated with lower ME/d.

A few studies also compared adrenal androgens between individuals born preterm and born at term. In contrast to our study, their results rather indicate higher adrenal androgen secretion. Meuwese et al. (46) measured higher DHEA concentrations in serum from young adults born preterm. Watterberg et al. (40) measured salivary DHEA in 5–7-year-old children born preterm as compared to children born at term. In morning urine samples obtained from 36 children aged 8–11 years who were born preterm, Gohlke et al. (44) reported higher cortisol and cortisol metabolites and adrenal androgens as compared to 36 peers born at term. Again, the study population as well as the method applied, do not allow an unconfined comparison with our results. Firstly, the chosen age range of 8–11 years is an age that encompasses adrenarche and enhanced adrenarche in the group of children born preterm may influence the results. Secondly, although urinary steroid metabolites were quantified using gas chromatography-mass spectrometry, morning urine samples reflect adrenal steroid metabolism less precisely than 24-h urine samples.

We did not expect CE/d and ME/d to be even lower in children born preterm than in children born at term. The underlying biological mechanism remains unclear. One might speculate that the adrenal cortex remains smaller after preterm birth just as it had been shown for kidney size (47). A reduced adrenal cortex area might affect adrenal steroid metabolism.

Also, one might speculate that prolonged exposure to stress as it is often experienced by the preterm neonate during the perinatal period might lead to a hypoactive rather than a hyperactive HPA axis function. This hypothesis is supported by the finding of lower HPA axis responses in an adult preterm cohort during stress-test (48). Consistent with the results of that study, our results argue against a major role of HPA axis and adrenal steroid metabolism in explaining increased BP values found in individuals born preterm. We speculate that other mechanisms, e.g., reduced nephron endowment [reviewed in (49) and (50)] or variations in capillary density as recently described by Lewandowski et al. (51) underlie higher BP values measured in individuals born preterm. Exposure to hyperoxia and oxidative stress in the neonatal period might also contribute to the increased risk of increased BP in neonates born preterm as reviewed in (52).




Strengths and Limitations of the Study

Strengths of the current study include the completeness of data on BP measurements and comprehensiveness of data on urinary adrenal steroid profiles. Furthermore, urinary adrenal steroid profiling in 24-h urinary specimens represent integrated measurements, i.e., excretion rates, and thus allow for the assessment of hormonal production rates. This is in contrast to most studies revealing determinations of steroid concentration in blood or saliva at selected time points only. A further strength of the study is the comparably large group of children born preterm. To the best of our knowledge, urinary steroid profiles have not been studied in larger groups of preterm-born children of that age group. Moreover, we consider the choice of a narrow age range in prepubertal children as an advantage of the study. Limitations of the study are the cross-sectional study design and the fact that neonatal data have not been collected prospectively.



Summary and Perspective

Our data indicate that—as early as at the age of 5 to 7 years—individuals born preterm seem to be at increased risk for exhibiting higher SBP as compared to peers born at term. This might have implications for their cardiovascular health later in life.

However, our results do not support the hypothesis that elevations in adrenal steroid metabolites explain higher SBP values found in the group of children born preterm. We speculate that other mechanisms or a combination thereof contribute to the increased hypertension risk in individuals born preterm. The identification of possible contributors remains crucial since it might enable the implementation of pre- and postnatal strategies to prevent long-term cardiovascular morbidity.
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Background/Objective: To examine maternal physical and mental health-related quality of life (HRQoL) and depression after early and late preterm and term births in the early postpartum period.

Method: In a prospective pilot study, three groups of women whose newborns had to be treated in the neonatal ward during the immediate postpartum period were established and compared with each other: 20 women with extremely to very preterm birth, 20 with moderate to late preterm birth and 20 women with term birth. All participants completed the Short Form-12 Health Survey (SF-12) to measure HRQoL, and the Edinburgh Postnatal Depression Scale (EPDS) to detect depressive symptoms combined with independently developed questions to evaluate anxiety and psychological distress.

Results: Maternal psychological HRQoL was significantly worse in the very preterm birth group compared to moderate to late preterm birth (p < 0.001) and full-term birth groups (p = 0.004). There were no differences between the birth groups in depressive symptoms (p = 0.083), anxiety (p = 0.238), perceived stress (p = 0.340) and the general psychological distress values (p = 0.755). In the EPDS, the depression screening instrument 30 to 65% were beyond the cut-off-value to detect major depression.

Conclusions: During the early postpartum period, an extensive medical care focussing on acute stress, HRQoL parameters and depression may be a good step to improving maternal well-being.

Keywords: health-related quality of life, depression, preterm birth, neonates, intensive care unit


INTRODUCTION

Worldwide preterm births and the treatment of neonates in the neonatal ward have an impact on the emotional well-being of women. Preterm births are defined as occurring before 37 weeks of gestation. Under-five-year-olds are at the forefront of child mortality worldwide and are associated with serious morbidities and long hospital admissions (1, 2). There is a differentiation between early gestational age infants, in which the risks of mortality and morbidity are much higher than in late preterm infants and infants born at term (3, 4). Several psychological reactions to preterm deliveries include parental acute stress, anxiety, depression, along with poorer family functioning (5–13). Postpartum depression (PPD) is a disorder which frequently affects women in the postnatal period and has consequences for the infant and the whole family. Since there are several treatment options for PPD (14), the recommendation for obstetric care providers is to accomplish an assessment of mood and emotional well-being during the postpartum period for each patient (15, 16). Another option to evaluate mood or well-being besides depression is HRQoL, which includes various dimensions of health and functioning. According to the World Health Organization (WHO) HRQoL represents “an individual's perception of their position in life in the context of the culture and value systems in which they live and in relation to their goals, expectations, standards and concerns (17).” HRQoL scores are implemented in several settings, such as conducting research, monitoring, and reporting or establishing quality improvement strategies. HRQoL is inspired by personal and environmental factors and their interactions, and can be enhanced through individualized support and personal growth opportunities (18–20).

The purpose of this study was to explore differences in maternal HRQoL and depression of mothers after preterm birth whose newborns had to be treated at the NICU, distinguishing between (1) very preterm and (2) moderate to late preterm, compared to (3) term births. We hypothesized that early preterm birth is associated with more depressive symptoms and decreased HRQoL compared to moderate to late preterm and term birth during the early postpartum period.



MATERIALS AND METHODS

This prospective questionnaire pilot survey was conducted in the Obstetrics Department of a major teaching hospital in Austria, which serves as a tertiary referral center. The study was carried out in agreement with the guidelines recommended by the World Medical Association of Helsinki and was endorsed by the local Ethical Committee (Nr.: 28-269 ex 15/16). There were no monetary or other incentives for women's contribution. Recorded informed consent was obtained from all the women.

Inclusion criteria were German-speaking women who had undergone preterm or term birth according to the intended groups (extremely to very preterm 23+0 until 31+6, moderate to late preterm 32 + 0 to 36 + 6 gestational week) or women who had full-term births (>37 weeks of gestation) and were separated from their neonates because of the newborns' need for intensive care at the neonatal ward (NICU). Exclusion criteria were the inability to speak or understand the local language. Inpatient women were contacted during their postnatal stay in the hospital from December 2016 to December 2018. After agreeing to participate, women given the informed consent form and the questionnaire set. Minimum to maximum intended time interval from birth to study inclusion was three to 10 days postpartum.

Ten persons (out of 70) refused to take part in the study: one woman of the very preterm birth group, three of the moderate to late preterm group and six of the term birth group. We compared accessible characteristics between participants (n = 60) and non-participants (n = 10) and found no statistically significant differences on age (p = 0.932) and study groups (p = 0.199).


Instruments (Questionnaires)

Women's HRQoL in the past month was evaluated by the German edition of the Short-Form-12 Health Survey (SF-12). It is a worldwide standardized instrument to measure self-assessed HRQoL (21–23). Twelve questions measure the general health perception and general mental condition, physical and social functioning, role limits due to physical health problems or emotional problems and queries on vitality and bodily pain. Scoring guidelines are available to create standard values with a mean of 50 and a standard deviation of 10 (22, 23). The standardization enables cross-cultural comparison (22, 24). The reliability of all SF-12 scales was 0.88(22).

The Edinburgh Postnatal Depression Scale (EPDS) was applied to determine postnatal depression (25). It is an internationally established 10-item questionnaire. Women rate how they have felt during the past seven days. Each item is scored from 0–3 (resulting range 0–30). In many countries the EPDS is routinely administered to detect postnatal depression. For Austrian perinatal and postnatal women, a cut-off value of 10/11 is suggested with a sensitivity of 0.87 and specificity of 0.87 to detect all cases of major depression (26). We chose this depression screening instrument because it is widely endorsed and gives a clear overview.

To minimize the completion time for the participating women, postnatal stress and anxiety was measured with short independently developed single Likert scales. Women were asked how much stress and anxiety they have perceived during the previous 3 days (from 0%, which is not at all, to 100%, which is very much). General psychological distress was assessed with a single Likert scale from zero, which is not at all, to five, which is the most distress experienced.

On a separate sheet we asked about demographic and medical data including questions about number of children, maternal age, gestational week at birth, maternal hospitalization before birth, weight of the newborn, hours of sleep during the last day, perceived participation and control, education level, living situation, employment status and financial situation.



Statistical Analysis

Continuous data are shown as median and interquartile range (IQR) or mean and standard deviation. Categorical data are presented in absolute and relative frequencies. Differences among the three preterm groups were computed with Kruskal-Wallis test or ANOVA for continuous data and Fischer's exact test or χ2—Test for categorical data. Since we performed a pilot study p-values of post hoc analyses were not corrected for multiple comparisons. A p-value < 0.05 was considered statistically significant. Statistical evaluations were implemented using IBM SPSS 24.0 (IBM Corp., Armonik, NY, USA).




RESULTS


Sample Characteristics

The study group consisted of 60 women, who gave birth preterm or at term within the last 9 days. The medical reasons for extremely to very preterm births were progressive preterm labor (i.e., preterm contractions, preterm rupture of membranes, prolapsing amniotic membranes, (n = 9), pre-eclampsia (n = 6), and complicated twin pregnancies (n = 5). The medical reasons for moderate to late preterm birth were progressive preterm labor (i.e., preterm rupture of membranes, preterm contractions, n = 8), complicated twin pregnancies (n = 7), pre-eclampsia or HELLP-syndrome (n = 2), fetal hydronephroses (n = 1), placenta praevia (n = 1) and fetal bradycardia (n = 1). The term infants were treated in the neonatal ward because of perinatal infection (n = 9), infant respiratory distress syndrome (n = 5), fetal hydronephroses (n = 1), fetal anal atresia (n = 1), intrapartum fetal bradycardias (n = 1), cleft lip and palate (n = 1), small-for-dateness (n = 1) and congenital ichthyosis (n = 1).

As shown in Table 1, median maternal age of the whole sample (N = 60) was 32.0 years. The median birth weight of the infants was 1,953 grams (range from 550 to 3,985 grams), and the median week of gestation at birth was 34 weeks (range from 25 to 42 week of gestation). The intended time interval between birth and day of the survey was day three to 10 postpartum. On average, women responded on the fifth day (range from three to nine). All maternal information and characteristics are presented in Table 1.


Table 1. Demographic and medical characteristics of the study population (N = 60).

[image: Table 1]

Demographic data did not differ between study groups, including age, number of children, mode of delivery, hours of sleep during the last day, perceived participation and control, maternal education level, living situation, employment status and the financial situation (see Table 2). However, regarding the time of hospitalization before birth the groups varied significantly (p = 0.015). Women with moderate to late preterm births spent significantly more days (median: 16 days, IQR: 6-32) in the hospital before birth compared to mothers of the very preterm (4 days, IQR: 1-19; p = 0.025) and mothers of the term group (median: 2, IQR: 1-7; p = 0.009).


Table 2. Differences between the three birth groups in psychological outcomes and maternal characteristics.
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Main Results

Comparisons of maternal mental HRQoL between the three birth groups (very preterm to term) demonstrated statistically significant differences during the early postpartum period (presented in Table 2). Women from the very preterm group showed significantly decreased mental HRQoL (36.8 ± 6.3) compared to those in the moderate to late preterm group (46.6 ± 7.2; p < 0.001) and term group (43.3 ± 6.2; p = 0.004). Correspondingly, comparisons of physical HRQoL between the three subgroups presented also significant differences (p = 0.046). Post hoc analyses showed that women in the moderate to late preterm group (35.7 ± 7.4) had significantly lower physical HRQoL compared to those of the very preterm group (41.6 ± 7.2; p = 0.020).

Regarding depressive symptoms we found no significant differences among the three birth groups (p = 0.083). However, 45 % of the women in the very preterm group presented an at-risk EPDS score above the cut-of-value of 10 (11, ±6), 65% in the moderate to late preterm birth group (12, ±6) and 30% of women giving full-term birth (8, ±6).

Women showed no differences in anxiety level during the last 3 days (p = 0.238). Additionally, women did not differ regarding acute stress (p = 0.340) and the general psychological distress values (p = 0.755).




DISCUSSION


Key Results

The goal of this questionnaire survey was to investigate HRQoL and depression in women after being separated from their newborns immediately after birth in two preterm birth groups compared to mothers of hospitalized full-term neonates. As hypothesized, the study results show that maternal psychological HRQoL was significantly worse in the early gestational birth group compared to moderate to late preterm birth and full-term birth group. Remarkably women with moderate to late preterm births showed significantly the worst physical HRQoL compared to others with very preterm births and term births. The whole study group showed high at-risk EPDS scores. Unexpectedly, women in the moderate to late preterm group showed the highest percentage of depressive symptoms with 65%. All women experienced similar high anxiety, acute stress, and general psychological distress values.



Interpretation

Early prematurity has, as expected, a serious effect on women's mental HRQoL in the early postpartum period. Parents, especially mothers, are usually not prepared for a preterm birth as it often occurs suddenly, and women describe this event as a stressful and sometimes even traumatic experience. The arrival of an unexpected early premature infant, as described earlier, leads to maternal feelings of helplessness and fears that she will not be able to care and protect her newborn (27). Furthermore, women are confronted with very long hospital stays of their infants at the NICU, sometimes lasting months, and this is accompanied by alterations in normal life (work, family life, financial situation). During the first days women receive information from different sources about their newborns' health and perspectives, for example about risks of neurodevelopmental or general developmental delays, motor, visual, and hearing problems or learning difficulties (1, 2, 12). Consequently having a very preterm infant and apprehensions about short-term and long-term problems increases maternal stress and anxiety as found before (12, 27) but also alters mental HRQoL.

According to maternal physical HRQoL, our study specifies that moderate to late prematurity was accompanied with most impaired physical HRQoL. We speculate that the prenatal hospitalization of women of the moderate to late preterm group has an apparent influence on physical mobility. Women of this group were hospitalized longer prenatally than the women in the other groups to prevent early prematurity (on average 16 days). Most of them were confronted during pregnancy with the diagnosis of a severe pregnancy complication, such as hypertensive disorder, complicated twin pregnancies, intrauterine growth restriction, preterm premature ruptured membranes or cervical insufficiency. Receiving the diagnosis of a high-risk pregnancy combined with the longer inpatient treatment seem to be serious stressors for women and caused the lowest women's physical HRQoL and more depressive symptoms. However, the prevention of early prematurity was possible in this group, since all of them delivered between the 32nd and 37th week of gestation. Therefore, it appears reasonable that mental HRQoL was better in these women compared to women after extremely to very preterm births.

Maternal at-risk depression rates were high in our whole study population. It ranged from 45% in the early preterm group, 65% in the moderate to late preterm group and 30% in the term birth group. Correspondingly, other studies found that mothers of infants born prematurely have high PPD rates (28–40%), particularly in the early postpartum period in the NICU (7, 13). Roomruangwong et al. (13) found that a history of depression in first week postpartum was associated with depression 4–6 weeks postpartum among mothers of infants at the NICU. Therefore it is important how women feel immediately after preterm and term births. Vigod et al. (7) describes in their systematic review that “sustained depression was associated with earlier gestational age, lower birth weight, ongoing infant illness/disability, and perceived lack of social support.” In general, postpartum depression (PPD) is the most frequent complication in all childrearing women. The general expected prevalence of PPD ranges according to Steward and Vigod (14) from 6.5 to 12.9 percent.

There are several studies which give inconsistent findings about how the mother-infant relationship develops following a preterm birth, concluding that the mother-preterm infant relationship is complex (27). Recent promotions of family-centered neonatal care seems to be promising. Both parents are inspired to be present and have the opportunity to be involved in the care of their newborns (27–29). However first it seems to be important to reestablish the maternal emotional well-being. Brecht et al. (5) published a review about the effectiveness of therapeutic behavioral interventions for parents of premature babies. The authors found a trend “toward early, brief interventions that are theoretically based, specifically target parent trauma, and utilize cognitive behavioral techniques.” It might be a good approach to provide maternal well-being and HRQoL immediately after preterm births, or after the diagnosis of severe pregnancy complications earlier during pregnancy. Women need to understand their first stress reactions after severe pregnancy complications and preterm births. Early brief intervention can lead to more competence, reduce depressive symptoms, and improve HRQoL. Women could be better prepared for the adventure of having a preterm or a term baby at the NICU. They need to understand their reactions to the NICU environment and their infant's situation to develop coping strategies and take an active role in care. Brief interventions will improve self-efficacy, will reduce depressive symptoms and improve maternal physical and mental HRQoL.



Strengths and Limitations

The strength of the survey is the insight it gives into maternal postpartum HRQoL and depression with international validated questionnaires. The SF-12, an abridged version of the SF-36, is a reliable and valid tool for examining health-related quality of life, and has shown to be sensitive in various populations (22, 30). The EPDS remains an internationally widely applied reliable measure for depression (26). Maternal psychological outcomes are relevant for the treatment in the early postpartum period. The current study improves understanding of maternal HRQoL and depression after preterm births, especially in comparison with mothers of hospitalized term neonates, and enables a realistic assessment of the family's situation as well as allowing for improvements in clinical care.

This study was designed as a pilot study; therefore, it consists of quite a small number of participants, which might be a limiting factor for data interpretation. However, it can be assumed that the study cohort represents a sample of the standard population, as shown in the demographic data (see Table 1). Furthermore, patients with poor or absent German language abilities were excluded and might even have exacerbated the study results due to aggravated life conditions. A further larger study might verify our results and could focus on specific interventions and communication strategies in the NICU. Additional physical and psychological exams or inquiries would have enriched our findings. These might be topics for subsequent research.



Implications for Practice

Obstetricians, neonatologists, clinical psychologists, and nurses are the primary experts providing support for women experiencing pregnancy complications leading to the need for their neonates' treatment in the neonatal care unit. In particular, extreme prematurity is accompanied by reduced mental HRQoL in the early postpartum period. Acknowledgment of concerns and fears and awareness of the needs of women may reduce prolonged psychological distress and improve self-efficacy for women and their families. Our findings specify that motherhood of preterm and full-term newborns requiring treatment in the neonatal ward is associated with high rates of depressive symptoms, reduced HRQoL and psychological distress. Adequate information and support from all health professionals in the obstetric and neonatal ward might be effective to reduce acute stress and anxiety. The goal of comprehensive care is to increase coping possibilities and resilience to reduce depression, anxiety and improve quality of life until the time of hospital discharge.
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TIN 119(5) 26(2) 93 (@) 0.000

Surfactant therapy 1 dose 80(4) 6(<1) 74.(6) 0.000
> 2 doses 57 000 57(5)

Invasive ventiation 9(<1) 5(<1) 4(<1)

cPaP 700 31) 119 (12) 581 (48) 0.000

Hypoglycemia 40 12(1) 28(2) 0.04

Hypothermia 10 (<1) 3(<1) 7(<1)

Jaundice 373(17) 38 340 (28) 0.000
Sepsis Presumed 83(4) 7(<1) 76(6) 0.000
Confimed 19.(1) 000 19
Readmission 362 (16) 132 (13) 230 (19) 0.000

ED, early discharge; LD, late discharge; NICU, neonatal intensive care unit; RDS, respiratory distress syndrome; TTN, transient tachypnea of newborn; AP, continuous positive
airway pressure.
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Factor

Maternal PPROM

Mode of delivery

Gestational age

Weight/gestational age

Birth weight

NICU admission

RDS

Surfactant therapy

cPAP

Jaundice

Sepsis

Yes

No
C-section
Vaginal
<35
=35
SGA
AGA
<2500
22500
Yes

No

AOR

19
Ref
24
Ref
38
Ref
19
Ref
13
Ref
6.3
Ref
23
Ref
5
Ref
17
Ref
11.2
Ref
103
Ref

95% C.l.

15,24

19,3

26,5

11,38

11,16

34,115

15,36

19,135

12,22

77,162

48,22

P-value

0.000

0.001

0.000

0.03

0.02

0.000

0.005

0.001

0.001

0.000

0.000

AOR, adjusted ods ratio; PPROM, prolonged premature rupture of membranes; AGA,
appropriate for gestational age; SGA, small for gestational age; NICU, neonatel intensive
care unit: RDS, respiratory distress syndrome; CPAR, continuous positive airway pressure.
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Variables

Surgical interventions
Laparotomy

Enterostomy

Intestinal resection and enterostomy
Intestinal resection and anastomosis
Intraoperative bowel morphology
Intestinal perforation

Intestinal bleeding

Intestinal necrosis

Postoperative complications
Intestinal stricture

Intestinal obstruction

Short bowel syndrome

Death

Subependymal hemorthage

NEC-PVG

(n=42)

4(9.5%)
10 (23.8%)
22 (52.4%)
6(14.3%)

8(19.0%)
15 (35.7%)
29 (69.0%)

5(11.9%)
7(16.7%)
3(7.1%)
3(7.1%)

15(35.7%)

NEC-non PVG

(n =25

12 (48.0%)
4(16.0%)
7 (28.0%)
2(8.0%)

5(20.0%)
9(36.0%)
9(36.0%)

5(20.0%)
2(8.0%)
1(4.0%)
1(4.0%)
2(8.0%)

0.006

0.924
0.981
0.008

0.368
0.526
0.600
0.600
0.026





OPS/images/fped-09-685016/crossmark.jpg
©

2

i

|





OPS/images/fped-09-685016/fped-09-685016-t001.jpg
Maternal N =2,236 %

Age (years) =20 52 23
21-35 1,642 734
>35 542 242
Parity Primiparous 521 233
Multiparous 1715 767
Employment 444 20
Assisted pregnancy 322 144
Adequate antenatal care 989 442
Previous Cesarean section 1,010 452
Antenatal steroids 740 33
Pregnancy complications None 1,654 74
Pre-eclampsia 127 57
Gestational DM 93 42
Placenta Previa 95 42
Placental abruption 20 1
Chorioamnionitis 12 05
Others 235 105
Induction of labor Yes 282 13
PPROM Yes 535 24
Mode Vaginal 517 23
Elective CS 1,003 5
Emergency CS 716 32
Anesthesia None 517 23
General 507 23
Spinal/epidural 1212 54
Neonatal
Gender Male 1,187 51
Female 1,099 49
Gestational age <35 321 14
(weeks) >35 1915 8
34 321 14
35 551 25
36 1,364 61
Birth weight <2500 1,052 a7
(grams) >2,500 1,184 53
Weight/gestational age AGA 1975 833
SGA 185 83
LGA 76 34
Multple gestation yes 522 23

DM, diabstes melitus; CS, cesarean section; PPROM, prolonged premature rupture of
membranes; AGA, appropriate for gestational age; SGA, small for gestational age; LGA,
large for gestational age.
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Maternal

Age (years)

Parity

Employment
Assisted pregnancy
Adequate antenatal care
Previous Cesarean section
Antenatal steroids
Pregnancy complications

Induction of labor
PPROM
Mode of delivery

Anesthesia

Neonatal

Gender

Gestational age
(weeks)

Birth weight

Weight/gestational age

Multiple gestation

<20
21-35

>35
Primiparous
Multiparous

None
Pre-eclampsia
Gestational DM
Placenta Previa
Placental abruption
‘Chorioamnionitis
Others

Vaginal
Elective S
Emergency CS
None

General
Spinal/epidural

Male
Female
<35
285

34

35

36
<2,500
>2,500
AGA
SGA
LGA

ED group N = 1,020
N (%)

28(3)
746 (73)
246 (24)
219 (21)
801 (79)
235 (28)
107 (10)
467 (46)
438 (43)
265 (26)
797 (78)
46(5)
30(3)
303
6(<1)
5(<1)
106 (10)
139 (14)
197 (19)
312(30)
415 (41)
293 (29)
314(31)
201 (20)
507 (49)

520 (51)
500 (49)
59(6)
961 (94)
59(6)
228 (22)
733(72)
398 (39)
622 (61)
939 (92)
46 (5)
35(3)
205 (29)

LD group hours N = 1,216
N (%)

24(2)
896 (74)
295 (24)
302 (25)
914 (75)
209 (17)
215(18)
522 (43)
572 (47)
475 (39)
857 (70)
81(7)
63(5)
65(5)
14(1)
7(<1)
129 (11)
143 (12)
338 (28)
205(17)
588 (48)
423 (35)
203(17)
306 (25)
707 (58)

617 (51)
599 (49)
262 (22)
954 (78)
262 (22)
323 (26)
631 (52)
654 (54)
562 (46)
1086 (86)
139 (1)
4@
317 (26)

P-value

ns

ns

0.001

0.000
ns
ns

0.000
0.000

ns
0.000
0.000

0.000

ns

0.000

0.000

0.000

0.000

0.001

ED, early discharge; LD, late discharge; DM, diabetes mellitus; CS, cesarean section; PPROM, prolonged premature rupture of membranes; AGA, appropriate for gestational age; SGA,
small for gestational age; LGA, large for gestational age.
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Variables

NEC stage Il
GA (week)

BW (g

Male

SGA

Asphyxia

Last volume of milk

Mother's age

Vaginal delivery

Premature rupture of membranes
Turbid amniotic fluid

Multiple pregnancy

GDM

Hypertension during pregnancy
Anermia in pregnancy

Al

Apnea

Temperature instabilty

Shock

Ascites.

Acute peritonitis

Length of stay in hospital

NEC, necrotizing enterocolitis; GA, gestational age; BW, birth weight; SGA, small for gestational age; GDM, gestational diabetes mellitus; IAl, intrauterine infection.

NEC-PVG
(n=61)

30 (49.2%)
306+2.1
14087 + 320.2
36 (50.0%)
12 (19.7%)
10 (16.4%)
23 (19, 30)
300+ 4.6
26 (42.6%)
16 (26.2%)
12 (19.7%)
15 (24.6%)
13 (21.3%)
12 (19.7%)
23(87.7%)
16 (26.2%)
46 (75.4%)
26 (42.6%)
12 (19.7%)
25 (41.0%)
31(50.8%)
48 (33, 59)

NEC-non PVG
(n=62)

21 (33.9%)
209+22
1350.7 + 331.9
42 (67.7%)
8(12.9%)
12 (19.4%)
25(17,89)
30550
34 (54.8%)
20 (32.3%)
14 (22.6%)
13 (21.0%)
15 (24.2%)
13 (21.0%)
24 (38.7%)
15 (24.29%)
45 (72.6%)
28 (45.2%)
4(6.5%)
23(37.1%)
1 (17.7%)
46 (37, 59)

0.085
0.182
0.333
0315
0.309
0.668
0.334
0.591

0175
0.463
0.693
0.632
0.703
0.858
0.909
0.795
0721

0.777
0.029
0.659
<0.01
0.990
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Variables NEC-PVG NEC-non PVG P

(n=61) (=62

Inflammatory indicators

WBC count (x 10°/L) 687 (4.14,10.78) 7.42 (5.64, 10.32) 0633
NEUT (%) 55.50 + 18.03 4451+ 16.08 0001
NE (x10%/L) 3.39(2.18,5.74) 3.38(1.75, 4.81) 0373
LY (x 10°/L) 1.84(1.04,2.93) 2.56 (150, 3.84) 0013
N/L ratio 1.79 (102, 3.41) 1.24 (068, 2.03) 0.048
CRP (mg/L) 6.59 (0.54, 16.80) 0.82(0.50, 2.47) <0.01
Coagulation function indicators

PLT (x 10°/L) 258.0 (1745, 314.5) 216.0 (162.8, 272.5) 0.115
PT(s) 14.80 (13.63, 16.80) 14.45 (13.40, 16.63) 0557
APTT (5) 57.00 (46.50, 79.55) 53.85 (41.90, 67.65) 0.106
D-dimer (g/L) 1.70 (098, 4.45) 1.28(083, 2.14) 0039
FDP (mg/L) 5.98 (4.24, 12.89) 5.16(3.12, 6.87) 0.004
Blood gas analysis indicators

PH value 7.35(7.30, 7.40) 7.39(7.33, 7.45) 0.011
Lactate levels (mmol/L) 1.7(1.2,29) 1.4(1.2,20) 0.041
Blood glucose (mmolL) 6.6(5.6,7.6) 52(4.3,62) <001

WBC count, white blood cell count; NEUT %, percentage of neutrophils; NE, absolute neutrophil count; LY, absolute lymphocyte count; N/L ratio, neutrophil to lymphocyte ratio; CRP,
C-reactive protein; PLT, platelet count; PT, prothrombin time; APTT, activated partial thromboplastin time; FOP, fibrinogen degradation products.
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Variables Auc

Inflammatory indicators

NEUT% 0671
N/L ratio 0646

CRP 0694
Coagulation function indicators

D-dimer 0608

FDP 0.649

Blood glucose and lactate levels indicators
Lactate levels 0606

Blood glucose 0703

0.001
0.005

0.039

0.004

0.042
[

95%Cl

0.577-0.766
0.549-0.742
0.600-0.789

0.508-0.708
0.552-0.746

0.506-0.707
0.608-0.798

0.46
0.49
0.56

0.36
0.38

0.59
0.67

Spe

0.84
0.76
0.86

0.78
092

0.61
0.76

Cutoff

60.4
2.03
4.18

253
9.15

16
6.2

NEUT %, percentage of neutrophils; N/L ratio, neutrophil to lymphocyte ratio; CRP, C-reactive protein; FDF, fibrinogen degradation products; AUC, area under the curve; Sen, sensitivity;

Spe, specificity.
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Site Mean  SD

WB BMC (g) 33293
WB BMC except head (g) 13.7 £ 50
Trunk BMC (g) 62%27
Legs BMC () 6770

BMC, bone mineral content; WB BMC, whole body BMC.
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Characteristics WB BMC (mean + SD) P-value

Sex

Male (23) 362+93 0.028°
Female (22) 30283

Maternal cigarette exposure

Yes (@) 27.3+9.1 0.046°
No (37) 345489

Pre-gestational nutritional status

Underweight (BMI < 18.5) (3) 275+56.7 0.336°
Normal (185 < BMI < 24.99) (27) 34.9.+100

Overweight (25 < BMI < 29.99) (1) 29987

Obese (BMI = 30) (4) 34524

#p-value for independent sample t-test.
bp-value for one-way Anova.
BMI, body mass index; WB BMC, whole body bone mineral content.
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Characteristics Mean  SD or N (%)

Maternal
Age (years) 321£61
Parity®

Primipara 18 (40.0%)

Multipara 27 (60.0%)

Height (m) 1.56 £ 005

Pre-gestational BMI (kg/m?) 23.8+4.1
Pre-gestational Nutritional Status (N)

Underweight (BMI < 18.5) 3(6.7%)

Normal (18.5 < BMI < 24.99) 27 (60.0%)

Overweight (26 < BMI < 29.99) 11 (24.4%)

Obese (BMI = 30) 4(8.9%)
Anemia (N)

Yes (hemoglobin <6.83 mmol/) 20 (44.4%)

No (hemoglobin > 6.83 mmol) 25 (55.6%)
Education ()

University 24 (53.3%)

High school and lower 21 (46.7%)
Cigarette exposure

Yes 8(17.8%)

No 37 (82.2%)
Neonatal
Gender (V)

Male 23(51.1%)

Female 22 (48.9%)
Birth weight () 3134.1 £ 281.1
Birth length (cm) 49418
Head circumference (cm) 34114
Gestational age (weeks) 38710
Age of DXA measurement (days) 36+27

aParity: the number of times that the mother has given birth; primipara: mother has given
birth once; multipara: mother given birth more then once.
BMI, body mass index.
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Independent variable

B

Sex (0 = female, 1 = male) 593
Gestational age (weeks) 436

irth weight (g) 0.02
Birth length (cm) 227
Maternal hemoglobin level (o/cl) —1.07
Maternal cigarette exposure (0 = -7.18
no, 1= yes)
Maternal pre-gestational BMI -0.22
(kg/m?)
Maternal height (m) 1856
Maternal education (0 = University, 134

= Senior high school and lower)

Cl, confidence interval for p; BMI, body mass index.

Simple linear regression analysis

95% CI* P
0.56-11.31 0.031
1.96-4.78 0.001
001-0.03 <0001
033-4.21 0.023
—2.62-0.48 0270
~14.22-0.04) 0.049
~092-0.47 0528
—87.77-74.88 0510
~7.01-4.33 0635

R2

0.10
024
0.25
0.12
0.02
0.09

0.01

0.01
0.01

452
424
0.01
1.78

-6.48

Multiple linear regression analysis

95% CI* P
0.61-8.44 0.025
2.32-6.16 <0.001
0.00-0.02 0.048
0.34-322 0017
—11.47-(~1.48) 0012

Adjusted R?

0.55
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NFA
ICF-CY

Group 1
<28 wks
N=164

69 (42.4)
53(32.5)
10(6.1)
21 (12.9)
10(6.1)

Group 2
28 wks + 1 day to 31
wks + 6 days
N=249

163 (65.5)
55 (22.1)
16 (6.4)

14.4)
4(1.6)

>32 wks
N=89

68(76.4)
16 (18.0)
3(3.4)
111
1(1.1)

Missing
cases

1

P

<0.001
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Group 1 Group 2 Group 3 Missing p

<28 wks 28 wks + 1 day to 31 >32 wks cases
N=164 wks +6 days N=89
N=249

Birth weight, median (QR), g 825.5 (705-950) 1,175 (980-1,345) 1,405 (1,303-1,480) - <0.001
Gestational age, median (QR), wk 265 (25.4-27.4) 297 (20-30.6) 33.3(32.3-33.9) - <0.001
Outborn, 1 (%) 743 104) 223 - 0698
Ethnicity (Not-Hispanic), n (%) 7(4.3) 9(36) 2(22) = 0720
Multiple gestation, 1 (%) 56(34.2) 85(34.1) 31(348) 0992
Apgar 5th min, median (IQR) 8(7-9) 9(8-9) 9(9-10) = <0.001
Male gender, n (%) 89(35.5) 120 (47.8) 42(16.7) - 0.406
Prenatal steroids exposure, n (%) 152 (93.8) 226 (91.5) 80 (89.9) 4 0.508
Chorioamnionitis, 1 (%) 64(39) 32(129) 3(3.4) 1 <0.001
Sepsis, n (%) 41 (25) 12(4.8) 1(1.1) = <0.001
Mechanical ventiation, n (%) 127 (77.4) 60 (24.1) 3(3.4) - <0.001
Periventricular-intraventricular hemorrhage, n (%) 45 (27.6) 208.1) 8(9) 2 <0.001
Periventricular leukomalacia, n (%) 4(25) 6(2.4) 2(2.3) 2 0.994
PDA pharmacological treatment, n (%) 87 (53.1) 42(169) 1) - <0.001
PDA surgical treatment, n (%) 28(17.8) 2(0.8) 0 15 <0.001
Necrotizing enterocolits, 1 (%) 13(7.9) 2(0.8) 0 - <0.001
ROP surgical treatment, n (%) 12(7.3) 2(0.8) o - <0.001
Human milk feeding at discharge, 1 (%) 87 (53.1) 177 71.9) 78 (87.6) - <0.001

Wks, weeks."Kruskal-Wallis test was used to compare groups.
The values in bold are statistically significant (p < 0.05).
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Patients with severe
functional disability

N=48
Bith weight, median (QR), g 861.5(697.5-1,094.5)
Gestational age, median (QR), wk 26.9(25.3-29)
Outborn, 1 (%) 483)
Ethnicity (Not-Hispanic), n (%) 3(6.9)
Multiple gestation, n (%) 18 (27.1)
Apgar 5th min, median (IQR) 9(7-9)

Male gender, n (%) 31(64.6)
Prenatal steroids exposure, n (%) 44(01.7)
Chorioamnionitis, 1 (%) 16(333)
Sepsis, n (%) 14(292)
Mechanical ventiation, n (%) 33(68.8)
Periventricular-intraventricular hemorhage, n (%) 18 (39.1)
Periventricular leukomalacia, 1 (%) 7(152)

PDA pharmacological treatment, n (%) 20(41.7)

PDA surgical treatment, 1 (%) 9(19.2)
Necrotizing enterocolits, 1 (%) 5(10.4)

ROP surgical treatment, n (%) 8(16.7)
Human milk feeding at discharge, n (%) 22(45.8)

PDA, patent ductus arteriosus; ROP, retinopathy of the prematurity
Missing cases were excluded from the statistical analyses.
The values in bold are statistically significant (o < 0.06).

Patients without severe
functional disability
N =454

1,104 (895-1,360)
295 (27.7-31.3)
15(3.3)
15(3.3)

159 (35.0)
989
220 (48.5)
414 (@2)
83(183)
40(8.8)

157 (34.6)
56 (12.1)
5(1.1)

110 (24.2)
21(4.8)

13 29)
6(1.3)

320 (70.8)

Missing
cases

<0.001
<0.001
0.082
0.300
0.270
0.038
0.034
0.936
0.013
<0.001
<0.001
<0.001
<0.001
0.009
<0.001
0.007
<0.001
<0.001
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OR

Birth weight 0.99
Gestational age 0.76
Outborn 266
Maternal age 095
Ethnicity 097
Multiple gestation 0.69
APGAR 1st min 083
APGAR 5th min 0.85
Male gender 1.94
Mode of delivery 1.7

Prenatal steroids exposure 096
Chorioamnionitis 223
Sepsis 426
Mechanical ventilation 416
Periventricular-intraventricular hemorrhage 466
Periventricular leukomalacia 16.12
Pharmacological treatment for PDA 223
Surgical treatment for PDA 237
Necrotizing enterocolitis 3.94
ROP surgical treatment 14.93
Human milk feeding at discharge 035

PDA, patent ductus arteriosus; ROP, retinopathy of the prematurity
Missing cases were excluded from the statistical analyses.
The values in bold are statistically significant (o < 0.06).

Univariate model

95% ClI

0.99-0.99
0.67-0.85
0.84-8.36
0.90-0.99
0.55-1.69
0.35-1.34
0.72-0.94
0.70-1.02
1.04-3.60
0.86-3.37
0.32-2.81
1.16-4.25
2.11-859
2.19-7.89
2.42-8.98
4.88-63.15
1.21-4.12
1.30-4.32
1.34-11.59
4.93-45.16
0.19-0.64

<0.001
<0.001
0.094
0.035
0.910
0.273
0.006
0.087
0.036
0.122
0.936
0.015
<0.001
<0.001
<0.001
<0.001
0.010
0.005
0.013
<0.001
0.001

OR

0.79

1.94

223

251

Multivariate model

95% ClI

0.67-0.90

0.99-3.77

0.99-4.98

1.19-5.26

0.001

0.052

0.050

0.015
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GMDS-R/BSDI

mean values®

Group 1 Group 2 Group 3 Missing
<28 wks 28 wks + 1 day to 31 wks >32 wks cases
Total N = 118 +6days Total N = 67
Total N = 200
GMDS-R GMDS-R GMDS-R GMDS-R pa
N=208 N=56 N=106 N=46
Patients evaluated Global quotient 956 +14.1 100.7 + 13.6 101.7 £ 89 4 0.020
with GMDS-R* Locormotor quotient 96.5+203 104.2 £20.1 1053 £ 160 2 0,020
Personal and social quotient 98.0£17.2 104.5 % 160 10584 12.2 1 0.019
Hearing and language quotient 90.4 £17.9 96.0+17.0 96.6 £ 13.0 2 0.092
Eye & Hand Coordination 1023 £ 14.0 104.6 £ 139 1048+ 102 - 0.424
quotient
Performance quotient 952+16.2 999 +15.7 995+ 14.6 - 0.114
BSDI-lII BSDI-llI BsDI-lI BSDI-Ill
N=177 N=62 N=94 N=21
Patients evaluated  Cognilive composite score 908+ 11.7 96279 101288 - <0.001
with BSDI-III* Motor composite score 88.3+1238 933+7.4 9656+ 108 9 0.153
Language composite score 859124 90.1£85 92+103 - 0,095

Whs, weeks. °Patients with tetraparesis and blindness were excluded. *The number of patients for the different gestational age categories evaluated with BSDI-lil was lower than the
number of patients evaluated with GMDS-R (o = 0.037). Social-emotional score and adaptive scorewere not reported because of missing data (74/177 and 98/177, respectively).
Kruskal-Walls test.

Missing cases were excluded from the statistical analyses.

The values in bold are statistically significant (p < 0.05).
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Patients with 24
months follow-up

N =502
Birth weight, median (IQR), g 1,074.5 (870-1,341)
Gestational age, median (QR), wk 293 (27.4-31)
Outborn, n (%) 19(3.8)
Ethnicity (Not-Hispanic), n (%) 482 (53.2)
Multiple gestation, 1 (%) 172 (34.3)
Apgar 1stmin, median (IQR) 7(6-8)
Apgar 5th min, median (QR) 989
Cesarean delivery, n (%) 94(187)
Male gender, n (%) 251 (50)
Prenatal steroids exposure, n (%) 458 (91.9)
Choricamnionitis, n (%) 99 (17.8)
Sepsis, n (%) 54(10.8)
Mechanical ventilation, n (%) 190 (37.9)
Periventricular-intraventricular Hemorhage, n (%) 73(14.6)
Periventricular leukomalacia, n(%) 12 (2.4)
PDA pharmacological treatment, n (%) 130 (25.9)
PDA surgical treatment for, 1 (%) 177 (36.3)
Necrotizing enterocolits, 1 (%) 18(3.6)
ROP surgical treatment, n (%) 14(28)
Human milk feeding at discharge, n (%) 342 (68.1)

PDA, patent ductus arteriosus; ROR, retinopathy of the prematurity.
The values in bold are statistically significant (p < 0.05).

Patients without 24
months follow-up
N =430

1,270 (1,050-1,415)
30.4 (28.9-32.3)
32(7.4)
424 (46.8)
194 (45.1)
7(6-8)
989
60(13.9)
204 (47.4)
387 (90.4)
58(13.7)
37(86)

143 (33.3)
50(11.7)
7(16)

69 (16.1)

98 (22.8)
23(5.4)
11(26)

257 (59.8)

Missing
cases

© o

PO

'

28

<0.001
<0.001
0.014
0.008
0.001
0.656
0.115
0.051
0.436
0.406
0.015
0.270
0.145
0.191
0412
<0.001
<0.001
0.191
0.833
0.008
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Age Preterm

a3 090 +0.22°
a4 087 £0.14°
s 098 023
a8 1,05 % 0.26*
dig 1.7340.28°

Condition

Near term

1.08 £0.23*
1.08 +0.24°
1.08 £0.24*
113 £0.24°
1.57 +£0.30°

Effect

Birth weight (preterms)

LBW

0.65£0.18"
0.680.19
0.73:£021%
0.77 £0212
154£0.11°

NORM

093£0.77%
0910772
096+0.112
1.11+£0.22°
1.82 £ 024

Sex (preterms)

Female

0.99 £ 0.20*
0.89+0.19°
0.99 £ 0.20*
1.11£027°
1.69 + 0.30°

0.84 £0.22*
0.8840.12°
0.95 + 0.25%
1.02 +0.26°
1.77 £027°

There was no interaction between condition, sex, or birth weight and postnatal age. *Different superscripts indicate significant differences with postnatal age within condition, birth

weight, or sex.
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Effect

Condition Birth weight (preterms) Sex (preterms)

Age Preterm Near term LBW NORM Female Male

a3 0.14 £002° 015 001 0.13£002° 0.14:£0012 0.15 £001° 0.14 £002°
a4 014 £001° 0.16+001° 0.13:£001% 0.14:£001° 0.14:£001° 0.14 0010
a5 0.14 £001° 015 +001° 0.13:£001% 0.15+£001% 0.15 £ 001 0.14 +002°
a8 0.16 40,020 0.17 £001° 0.14:£002° 0.16 4 001> 0.16 £ 0.02° 0.15 +0.02°
d18 0.18 +0.02° 017 £001° 0.16+£001° 0.18:+£001° 0.47 £002° 0.18 +001°

There was o interaction between condition, sex, or birth weight and postnatal age. HLL wes lower in P as compared to T piglets and in P-LBW piglets compered to P-NORM piglets.
a-cDjfferent superscripts indicate significant differences with postnatal age within condition, birth weight, or sex.
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Effect

Condition Birth weight (preterms) Sex (preterms)
Age Preterm Near term LBW NORM Female Male
a3 064+0.08" 068 % 0.09° 060 0,08 061009 0.65+0.08 063 0.09
d4 0.63 & 0.122° 0.65 + 0.10%° 0.64 £0.07 064 £0.12 0.65+0.11 0.62 £0.12
ds 0.63 0,09 064 20,070 062 0.09 066 0,09 0,64 +0.08 063 0.09
d8 0.63 +0.112° 061 +0.013° 0.61+0.11 0.62 +0.12 0.66 +0.12 0.61+0.11
dis 0642 0.07° 063 % 0.05° 064004 066 +0.07 0.65+0.07 063 0.06

There was no interaction between condition, sex, or birth weight and postnatal age. Df was higher in P-FEMALE when compared with P-MALE. #~Different superscripts indicate
significant differences with postnatal age within condition, birth weight, or sex.
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Effect

Condition Birth weight (preterms) Sex (preterms)
Age Preterm Near term LBW NORM Female Male
step”
d3 0534014 0.65+0.12° 0.36 +0.09° 055 £0.14% 059£0.112 048 +0.14°
a4 055+0.12 0,69 +0.16° 051:£0.122 058:£0.14% 057 £0.13° 053£0.110
5 058+0.13° 0.71£0.12° 0.49 +0.13* 0.62:+£0.13° 059:+0.112 058.+0.142
d8 0.62£0.15° 078 +£0.15° 053+£0.13° 067 £0.18° 0.68+0.12° 059+0.15°
dig 0.76 + 0.09° 0.84+0.12° 0.74 £ 0.10° 0.76 +0.08° 0.78+0.11° 0.72 £ 0070
hsumar’
a3 0.14£ 005" 0.14.£004% 0.15 £ 006" 0.14 £005° 0.15 £ 0.05° 0.13 +0.05°
a4 0.14 £ 005 0.13 +0.04% 0.13 £0.05° 0.1 £004% 0.14 £0.05° 0.14 £ 006
s 014+ 005" 0.14+ 0047 0.13 £ 005" 0.14 +£006" 0.16 + 0.06° 0.13 + 0,05
d8 0.12 0,05 0.14 0,042 0.13 005 0.1340.05° 0.13 % 0.06* 0.12 40042
d18 0.09 +0.04° 0.09 + 003" 0.08 £ 003" 0.08 % 0.08° 0.10 £ 0.05° 0.09 +0.04°
lysep was higher in T pigs compared with P pigs, in P-NORM compared to P-SGA and in P-FEMALE compared with P-MALE. /.y, differed with postnatal age. hgumax was higher in

P-FEMALE when compared with P-MALE and dropped with postnatal age. *~PDifferent superscripts within & column indicate significant differences with postnatal age within condiition,

birth weight, or sex.
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Variable

Gravitational
acceleration

Self-selected
speed

Stride frequency
Stride length

Stance duration

Swing duration
Step length

Duty factor

Maximum swing
height

Al stride frequency
Al stride length

Al stance duration
Al swing duration
Alstep length

Al duty factor

ABB

tow

Istep

df

AF

AL

AST

AISW

AISL

AIDF

The forward movement during one cycle
divided by the duration of the cycle.
Animals are able to move in an
unrestrained, voluntary way.

Inverse of the period between two
consecutive footfalls of a certain leg.

The forward movement during one stride
orcycle.

The period of contact between a limb and
the ground.

The period of limb fight.

‘The forward movement during one step
(stance phase only).

The fraction of the cycle for which the limb
is in contact with the ground.

The maximum vertical distance the leg is
lited from the ground during the swing
phase.

Asymmetry index of the stride frequency.
Adapted from (29).

Asymmetry index of the stride length.
Adapted from (29).

Asymmetry index of the stance duration.
Adapted from (29).

Asymmetry index of the swing duration.
Adapted from (29)

Asymmetry index of the step length.
Adapted from (29).

Asymmetry index of the duty factor.
Adapted from (29).

When normalized, variables are indicated with " in the text.

Formula

fstrice

g~ 1)
i 100%

Uie,n = loet) 1009
08 Gt oy 100%

ltap = ta0) 4000,
08 vt 100%

ltovp = towt) 100,
8 lonrttons) 100%
Uson ~ loor) 100
8 T 100%

o) 100
05 (dla+af) 100%

NP
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B

Static true EUGR for INTERGROWTH-21%

Gestational age (weeks) 0.944

Birth weight (g) -0.008
Male sex 1.32
RDS 0.768
Anermia 1.34
ROP > 2 0.951
NEC 262

Static true EUGR for Fenton 2013

Gestational age (weeks)  1.16

Birth weight (g) -0.01
Male sex 0.632
RDS 1.27
Anemia 0.87
ROP > 2 0.201
NEC 1.68

Dynamic true EUGR for INTERGROWTH-21%

Gestational age (weeks) —0.45

Birth weight (g) 0.002
Male sex 0983
RDS 0.848
Anemia 0.819
ROP > 2 0.668
NEC 21.18

0.162
0.001
0.3
0318
0.322
0473
1.15

0.16
0.001
0.283

0.30
0.328
0.501

1.12

0.13
0.001
0.271
0.304
0.288

045

12,879.7

Dynamic true EUGR for Fenton 2013

Gestational age (weeks) —0.23

Birth weight (g) 0.000
Male sex 0518
RDS 0.79
Anemia 0.802
ROP > 2 141
NEC 205

0.12
0.001
0.259

027

0.28

0.54

12,827.69

Error standard p value

<0.0001
<0.0001
<0.0001
0.016
<0.0001
0045
0.023

<0.0001

<0.0001
0.025

<0.0001
0.008
0.688
0.134

0.001
0.06
<0.0001
0.005
0.004
0.14
0.999

0.059
09
0.045
0.003
0.005
0.042
0.99

OR

257
0.992
3.77
215
3.83
258
13.85

3.21
0.99
1.88
3.56
2.38
1.22
5.37

0.63
1.002
267
233
2.26
1.95
1.668

0.791
1
1.67
222
222
3.05
8.0E8

95% Cl

1.87-3.52
0.989-0.994
2.08-6.81
1.15-4.02
204-7.2
1.02-6.54
1.43-133.96

2.33-4.43
0.987-0.993
1.08-3.27
1.94-6.53
1.256-4.63
0.45-3.26
0.50-48.36

0.49-0.828
1-1.004
1.57-4.54
1.28-4.23
1.29-3.98
0.79-4.76
0.00-

0.62-1.009
0.998-1.002
1.01-2.78
1.3-3.79
1.26-3.92
1.04-8.95
0.00-

RDS, respiratory distress syndrome; NEC, necrotizing enterocolitis; ROF retinopathy

of prematurity.
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Male sex
Gestational age (weeks)
Birth weight (q)

Weight 28 days (g)

Weight at discharge (g)
Length of stay (days)
Apgar score 5min < 5
Intubation resuscitation
RDS

M

Pneumothorax

Early-onset sepsis
Late-onset sepsis

Anermia (transfusion)

NEC

PDA

Hypotension (inotropic use)
AKI

Parenteral nutrition at 28 days
ROP > stage 2

B8PD

PVL

HIV grade 3-4

IUGR for
both charts

(n=211)

103 (48.8)
32322
1,189 + 266
1,660 434
2312+ 168
527 £235
6028
50(23.7)
49(7.7)
63(29.9)
2(09)
2(09)
51(24.2)
46 (26.1)
5(2.4)
16.(7.6)
10(4.7)
528
12(6.7)
16(9.5)
21 (10.1)
178.1)
2(09)

Non-IUGR in
both charts

(n = 424)

208 (47.9)
2042
1,189 %223
1,444 = 363
2,468 +345
63.63 +27.2
1433)
175 (41.4)
258 (40.6)
283 (66.7)
18(4.2)
22(52)
150 (35.4)
130 (37.4)
16(3.8)
128 (30.2)
3787)
9(26)
42(10)
46(115)
104 (24.5)
419.7)
25(5.9)

Values are expressed as number (%) or mean i standerd deviation.
IUGR, intrauterine growth restriction; RDS, respiratory distress syndrome; MV, mechanical
ventiation; NEC, necrotizing enterocoliis; PDA, patent ductus arteriosus; AKI, acute
Kicney injure; ROP, retinopathy of prematurity; BPD, bronchopulmonary dysplasia; PVL,
periventricular leukomalacia; HIV, intraventricular hemorrhage.

P

NS
<0.0001
0.02
<0.0001
<0.0001
<0.0001
NS
<0.0001
<0.0001
<0.0001
0.025
0.008
0.004
0.01

NS
<0.0001
NS

NS
0.001
NS
<0.0001
NS
0.004
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INTERGROWTH-21st

Fenton 2013 EUGR  Non-EUGR
EUGR 122(758)  18(112)
Non-EUGR 1(0.6) 20 (12.4)
Total 123(76.4)  38(236)

Value is expressed as number (%).
EUGR, extrauterine growth restriction.

Total

140 87)
21(19)
161

Kappa

0.613
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IUGR EUGR

Static Dynamic  True* True*
static  dynamic

Weight
Fenton 365 738 443 592 528
W-21 3.4 589 203 349 41
Kappa 0887 058 0672 0539 0746
Length
Fenton 268 636 586 479 66.2
W-21 298 576 438 428 456
Kappa 0856 0803 0619 0.804 0571
Head circumference
Fenton 348 235 137 14.4 19.2
W-21 38 259 126 159 15.4
Kappa 0806 0852 0704 086 0723

IUGR, intrauterine growth restriction; EUGR, Extrauterine growth restriction; IW-21,
INTERGROWTH-21%; Fenton, Fenton 2013.

“True EUGR excludes IUGR (denominator IW-21 and Fenton are n = 412 and n =
402, respectively).
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Male sex
Gestational age (weeks)

Birth weight (g)

z-score BMI at birth

z-score BMI at discharge
Length of stay (days)
Intubation resuscitation

RDS

MV

Early-onset sepsis

Late-onset sepsis

Aneria (transfusion)

NEC

PDA

Hypotension (inotropic support)
Acute Kidney injury

Parenteral nutrition at 28 days
ROP > stage 2

BPD

PVL

HIV grade 3-4

Static true EUGR

w-21 Fenton
N =147 35.7) N =243 (60.4)
86 (58.5) 129 (53.1)
2876+ 2.20 29.08:+2.1
1,104 + 236 1,144 + 232
~0.56 +0.84 —0.42 £ 1.02
~1.18+087 —1.06 4+ 0,69
787 £343 69.3+289
80 (54.4) 117 (48.1)
106 (72.1) 171 (70.4)
117 (79.6) 178(73.9)
7(4.8) 14658
71(48.9) 102 (42)
72 (59.5) 92(458)
10(6.8) 14 (5.8
59(40.1) 84(34.6)
19(12.9) 24(9.9
8(6.7) 6(9)
24 (16.4) 30(12.4)
30(208) 34(14.6)
53(36.1) 75(30.9)
16(10.9) 23(9.5)
12(82) 14(58)

Values are expressed as number (%) or mean = standard deviation.
IW-21, INTERGROWTH-21%!; Fenton, Fenton 2013. BMI, body mass index; EUGR, extrauterine growth restriction; RDS, respiratory distress syndrome; MV, mechanicel ventilation;
NEC, necrotizing enterocolits; PDA, patent ductus arteriosus; ROP, retinopathy of prematurity; BPD, bronchopuimonary dysplasia; PVL, periventricular leukomalacia; HIV,

intraventriculer hemorrhage.

“True EUGR excludes IUGR (denominator IW-21 and Fenton are

412andn

102 respectively).

Dynamic true EUGR

w-21 Fenton
N =163 (39.6) N =212 (52.7)
97 (59.5) 114 (53.8)
2821 +1.99 2838+ 1.96
1,118.6 + 230.3 1,121.46 + 225.19
—0.08+09 ~0.15+0.94
—1.1£0.76 ~1080.75
79.37 +31.59 74.46 % 28.03
103 (63.2) 123 (68)
132 (81) 163 (76.9)
144 (88.3) 177 (83.5)
10(6.1) 1162
74 (45.5) 91 (42.9)
79(59.8) 95(54.3)
13(8) 13(6.1)
75 (46) 82(38.7)
23 (14.1) 22 (10.4)
6(4.5) 529
33 (20.4) 36(17.1)
32(19.8) 39(18.7)
66(40.5) 78 (36.8)
22(135) 25(11.8)
16(0.8) 176)
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Gestational age

Somatometry at birth

Somatometry at discharge

Perinatal data

Neonatal pathology

Value

At birth (weeks) 302425
<30 weeks at birth 284 (44.7)
PMA at discharge (weeks) 387 £27
Weight (g) 1,173 239
Length (om) 381£3
Head circumference (cm) 264£21
BMI (g/em?) 7.97 £0.91
Weight (g) 2,4162 3075
Length (cm) 45621
Head circumference (cm) 332£15
BMI (g/em?) 1156 £ 1.09
Male gender 306 (48.2)
Prenatal corticosteroids (complete) 367 (57.8)
Multiple gestation 208 (32.8)
Cesarean section 463 (72.9)
Apgar score 5min <6 20(3.1)
Grib 1 score median (RIQ) 10,2
Intubation resuscitation 224/(35.4)
RDS 307 (48.3)
MV 345 (54.3)
Peumothorax 20(3.1)
Early-onset sepsis 2438
Late-onset sepsis 201 (31.7)
Anermia (transfusion) 176 (33.6)
NEC 2133
PDA 144 (22.7)
Hypotension (inotropic support) 45(7.1)
Acute kidney injury 1422
Parenteral nutriion at 28 days of lfe 54 (8.5)
ROP > 2 stage 62(08)
BPD 125 (19.7)
PVL 58(9.1)
HIV grade 3-4 27(4.3)

Values are expressed as number (%) or mean < standard deviation.

BM, body mass index; CRIB, Clnical Risk Index for Babies; RDS, respiratory distress
syndrome; MV, mechanical ventiation; NEC, necrotizing enterocolits; PDA, patent duotus
arteriosus; ROP retinopathy of prematurity; BPD, bronchopulmonary dysplesia; PMA,
postmenstrual age; PVL, periventricular leukomalacia; HIV, intraventricular hemorrhage.
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Total 221(34.8)
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IUGR, intrauterine growth restriction; HC, head circumference.
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GA (weeks) 29830 26512 28622
< 28 wZeeks GA (%) 22(30) - 18 (36)
SGA (%) 23(32) 4(18) -
BW (g) 1,158+ 314 828+ 156 1,118 £ 310
BW (percentile) 33425 4221 4564203
BH (cm) 37.0+33 335+2.0 366+83
BH (percentile) 34428 43420 47524
BHC (cm) 263+36 285+ 1.4 25826
BHC (percentile) 36427 40420 480245
Sex F/M 36/37 1012 28/27
Antenatal steroids n (%) 57(78) 18(82) 39(78)
Insulin therapy n (%) 18 (25) 12 (55) 15 (30)

GA, gestational age; BW, BH, BHC, weight, height and head circumference at birth. Results expressed as mean = standard deviation and percentage.
s non significant'p < 0.05 **p < 0.001 for comparison between AGA vs. SGA groups.
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*p < 0.05*'p < 0.01 for comparison between AGA vs. SGA or insulin vs. no insulin groups.
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