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Nutrition indicators for malnutrition can be screened by many signs such as stunting, underweight or obesity, muscle wasting, and low caloric and nutrients intake. Those deficiencies are also associated with low socioeconomic status. Anthropometry can assess nutritional status by maternal weight measurements during pregnancy. However, most studies have focused primarily on identifying changes in weight or Body Mass Index (BMI), and their effects on neonatal measures at present time. Whereas head circumference (HC) has been associated with nutrition in the past. When the mother was exposed to poor nutrition and unfavorable social conditions during fetal life, it was hypothesized that the intergenerational cycle was potentially mediated by epigenetic mechanisms. To investigate this theory, maternal head circumference (MHC) was associated with neonatal head circumference (NHC) in pregnant women without preexisting chronic conditions, differentiated by sociodemographic characteristics. A multiple linear regression model showed that each 1 cm-increase in MHC correlated with a 0.11 cm increase in NHC (β95% CI 0.07 to 0.15). Notwithstanding, associations between maternal and neonatal anthropometrics according to gestational age at birth have been extensively explained. Path analysis showed the influence of social status and the latent variable was socioeconomic status. A model of maternal height and head circumference was tested with effects on neonatal HC. The social variable lacked significance to predict neonatal HC in the total sample (p = 0.212) and in the South/Southeast (p = 0.095), in contrast to the Northeast (p = 0.047). This study highlights the potential intergenerational influence of maternal nutrition on HC, suggesting that maternal nutrition may be more relevant in families with major social vulnerability.
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Introduction

Famine and malnutrition at any stage of pregnancy can impose negative consequences for maternal and fetal health, that may perpetuate an inherited susceptibility to disease throughout the lifespan of an offspring (1). Nutrition science has been curiously investigating the associations between maternal nutrition thru dietary patterns population and effects on offspring for years (2). Nevertheless, the pregnancy is a short period of time to determine epigenetic effects at birth, considering there are strong links between health before pregnancy and results over generations (3) In contrast, socioenvironmental and genetic factors show a higher power of explanation in neonatal anthropometric measurements, such as neonatal head circumference (NHC) (4) Pre-pregnancy BMI is often used t o assess maternal nutritional status (5). However, maternal nutrition status is usually investigated by measuring clinical parameters when deleterious effects have already occurred and persist thru chronic undernutrition and adverse environmental exposures (6). HC is a measurement that depicts brain development in children (7) and it is also considered to be an indicator of nutritional status before birth (8). Offspring size is influenced by maternal and paternal genetics, and the intrauterine environment (9).



Material and methods

This is an analysis of secondary objectives of a multicenter cohort study entitled “Preterm SAMBA–Screening and Metabolomics in Brazil and Auckland (10).” Singleton nulliparous pregnant women were included from 2015 to 2018 in five referral obstetric public hospitals, located in three geographical regions with diverse sociodemographic characteristics that best represented the diversity of social/ethnic aspects and eating habits in the Northeast in contrast to the South and Southeast of Brazil [Maternity Hospital of the State University of Campinas (CAISM) and Maternity Hospital from Botucatu Medical School in the Southeast; Maternity of the Hospital of Clinics, Federal University of Rio Grande do Sul in the South; and Clinics Hospital, Federal University of Pernambuco and Maternity School Assis Chateaubriand of the Federal University of Ceará in the Northeast].

Nulliparous pregnant women at 19 to 21 weeks of gestation and without pre-existing chronic conditions were invited to participate in this study. All women had an ultrasound scan performed before 20 weeks for confirmation of gestational age. Details of study methods and procedures are available in a previous publication (10).

Women with a history of three or more abortions, cervical alterations, major fetal anomaly, Mullerian anomalies, history of cervical cold conization, chronic corticosteroid use and pre-existing or self-reported disease, including hypertensive disease, previous diagnosis of diabetes mellitus, kidney disease, systemic lupus erythematosus or antiphospholipid syndrome, sickle-cell anemia and HIV-positive serology were excluded from the study. Women taking medications or supplements that could interfere in outcome evaluation were also excluded (Long term Steroids, Low-dose Aspirin 60–150 mg/24 h, Heparin/LMW Heparin, Calcium >1 g/24 h, Eicosopentanoic acid (Fish Oil), Vit C ≥1,000 mg and Vit E ≥ 400UI).

Maternal height was measured using a stadiometer. In all participating hospitals, the research team was previously trained to assess the first anthropometric measurements of the woman (weight, height, head circumference and arm circumference) at study entry (19–21 w) and repeated (weight, height and arm circumference) during follow-up visits (27–29 and 37–39 weeks). Neonatal head circumference was measured within the first 24 h of birth, by wrapping a tape around the head at the widest possible circumference of the head and recorded in centimeters. A flexible and non-stretchable tape was used to assess the measures following standardized criteria defined by the Food and Nutritional Surveillance System of the Ministry of Health (11). Newborns classified as having microcephaly or macrocephaly were excluded according to references of Ministry of Health of Brazil and the World Health Organization, below the 10th and above the 90th percentile according to sex and gestational age at birth (12, 13).Due to pragmatic reasons no assessment of intra or inter variability of maternal and neonatal anthropometric measurements was performed. The full planned study involved a lot of standardized procedures and processes and we needed to simplify the activity of the health professionals who received a specific training before starting data collection. Sociodemographic data were self-reported. Information collected was based on the Multiple Privacy Index which includes: income, occupation, relationship, number of people living in the household, schooling. The information collected was based on the Multiple Privacy Index (14) and Synthesis of Social Indicators of Brazil (15), such as income, occupation, kinship, number of people living in the household, education. All collected data were inserted into an electronic platform for data collection and storage (MedSciNet® AB, Sweden).


Institutional review board statement

All women signed an individual two-way informed consent form before study admission. The Preterm-SAMBA study was conducted, in compliance with the Declaration of Helsinki (2013), following national and international regulations according to the Brazilian Resolution CNS 466/12. It was approved by the Institutional Review Boards of all participating centers (coordinating center protocol 20182318.8.0000.5404), in addition to the National Ethics Committee for Research (CONEP). All women included in this study signed an individual informed consent term, before admission. This manuscript follows the guidelines of the Strengthening the Reporting of Observational Studies in Epidemiology (STROBE) (14).



Statistical analysis

Numerical variables are expressed as means and standard deviations. Categorical variables are represented by numbers and percentages. To assess data normality, a histogram was built, followed by the Shapiro-Wilk test. In descriptive statistics, to calculate the difference between selected variables, the Chi Square test or Student's t-test was applied according to categorical or numerical characteristics.

To manage data with variables of interest to fulfill study objectives, we selected neonatal HC measurements in response to maternal HC values. The assumption of residual independence was verified according to Durbin Watson, followed by the Breusch-Pagan test to assess homogeneity of error variance for the assumption of homoscedasticity. It was assumed that values higher than 0.05 did not violate this presumption. To eliminate the suggestion that a correlation existed between variables and multicollinearity implied, the Variance Inflation Factor (VIF) was used for assessment.

Multiple regression analysis was conducted to explore how maternal head circumference contributed to the prediction of neonatal HC measures. After evaluating the results, gestational age at birth was transformed into logarithm to control for heteroskedasticity effects of each conditional value, adequacy of regression analyses and inclusion in the adjusted model. The associations between estimates are shown by using Confidence Intervals for beta, as well as adjusted and non-adjusted R2. Interactions related to socioeconomic and demographic factors were also tested, including a confounding factor matrix for analysis of algorithm performance. Structural Equation Modeling (SEM) works with covariance patterns between features of interest and transforms the observed correlations into a system of equations that can mathematically describe one or more hypotheses related to causal relationships. This method is called path analysis. Factor analysis associated with path analysis can provide testing and describe causal relationships (16). Path analysis was conducted taking into account the influence of independent variables (maternal HC, Age, Schooling, and Income) on the dependent variable (neonatal HC). The original data was initially standardized by transforming measurements in a homogeneous scale using z-scores for analysis. The resulting model was tested using a confirmatory factor analysis (CFA) for validation of the proposed model. Plausibility indexes were considered acceptable parameter settings: Comparative Fit Index (CFI) = 0.90, Tucker-Lewis Index (TLI) = 0.95, Root Mean Square Error of Approximation (RMSEA) = 0.06, and Standardized Root Mean Square Residual (SRMR) = 0.08 (17). Since parameters of interest (path coefficients) and correlations are generally sensitive to extreme values, data selection was conducted to avoid possible errors, excluding births that occurred before the end of 37 weeks of pregnancy (18). The cutoff point of 37 weeks was chosen to align the descriptive and comparative objectives, without the influence of different pathological conditions or any truncated distribution.

A latent variable was developed using socioeconomic variables to define socioeconomic status. The model was structured with socioeconomic status as an effect indicator of the latent variable. Estimation of the latent variable named “Socio” was made by analysis of the variance and covariance of the following indicators: Age, Schooling and Income. Age was chosen rather than color due to the association between age and maternal anthropometric measurements and socioeconomic factors, in addition to a high correlation between country regions. A latent variable measurement model with effect indicators is the set of relationships (modeled as equations) where the latent variable is established as a predictor of the indicator. A bilateral p-value < 0.05 was considered statistically significant. Linear regression analyses were conducted using “Pac-Man” library package and “sjPlot,” while Path Analysis used “Lavaan” and “Sem” packages of R Core Team software (19).




Results

Initial data were obtained from 1,165 women at 19 to 21 weeks of gestation who gave birth at 23 to 42 weeks of gestational age. Eighty-five newborns classified as having microcephaly (n = 20) or macrocephaly (n = 64) and 1 death and 118 born before completing 37 weeks of gestation were excluded, resulting in a final sample of 962 mothers and their offspring (Figure 1).


[image: Figure 1]
FIGURE 1
 Flowchart of study population.


Table 1 compared the profiles of Northeastern women with those from Southern/Southeastern women which indicates inequality among those regions.


TABLE 1 Distribution of anthropometric and sociodemographic characteristics according to the regions of Brazil (n = 962).
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Figure 2 shows the dynamic 3D-model adjusted for gestational age at birth for the association between head circumference measurements of pregnant women and their offspring at birth. It depicts the result of beta estimates for the association between MHC and NHC. Each increase in MHC of 1 cm was associated with an increase in NHC of 0.11 cm (β95%CI = 0.07–0.15), and gestational age (log) β = 13.78 (95%CI = 11.14–16.42). These results indicate that explanatory variables are related to NHC which is strongly relevant to p-value and significant for F statistics (p < 0.001).
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We repeated the process of multiple regression analysis using the stepwise AIC method, searching for new explanatory factors per region. In the Northeast, schooling was a significant factor. In contrast, the S/SE region showed that maternal age was a new explanatory factor. However, the power of explanation of maternal age was not as significant as adjusted R-squared for the model (Table 2).


[image: Figure 2]
FIGURE 2
 Model adjusted for gestational age and MHC and NHC measurements. Link to see model: https://rpubs.com/MariaMiele/899285. Observations 812, F-statistic, F statistics p-value <0.001. Adjusted R2/R2ajusted: 0.145/0.143.



TABLE 2 Multiple linear regression analysis of explanatory factors for the association between regions.
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The first model was constructed by using maternal anthropometric variables influenced by socioeconomic variables as a predictor path for neonatal HC outcome. Social variables were selected to avoid correlation and multicollinearity effects, such as color and region. Socioeconomic status was defined by three indicators: income, schooling, and age. For this purpose, we developed a latent variable that associated socioeconomic characteristics, named “Socio” (Figure 3). Adjusting the ratio reduces the confounding effects of the environment, which in this case was "Socio.” The significance of direct, indirect, and total effects was tested with path analysis for the total sample (Table 3).


[image: Figure 3]
FIGURE 3
 Result from path analyses of the total sample. Hgh, height; MHC, Maternal HC; Sch, Schooling. Inc, Income; Soc, Socio (latent variable); NHC, Neonatal HC. Arrow direction indicates direct and indirect effects of variables that predict NHC. The direction of Socio arrows for the three predecessor variables shows the contribution of each indicator value. As far as we could verify; schooling had a greater weight on Socio variable. Circles show the standard error of a parameter. Model fits: p-value = <0.0001. Chi-square (X2) = 0.340, Degree of Freedom (df) = 5. X2/df = 0.068. CFI = 0.999, TLI = 0.997. RMSEA = 0.013 (95%CI 0.000–0.052). Adjustment parameters suggested that the model is acceptable, indicating that the composition of these variables could explain the effects on the proportion of NHC.



TABLE 3 Regression parameters from “Path Analysis” using latent variables and defined parameters.
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We repeated the process of the Path analysis method, searching for new explanatory factors per region. In the Northeast, all parameters were significant, including Socio as the latent variable (Table 4).


TABLE 4 Regression parameters from “Path Analysis” using latent variables and defined parameters according to regions.
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Figure 4 shows the path and differences obtained in both regions and influence of maternal measures and social variables as predictive of neonatal HC.


[image: Figure 4]
FIGURE 4
 (A,B) Result of structural equation model according to regions. Colors = Blue: South/Southeast, Red: Northeast. Arrow direction indicates direct and indirect effects of variables in the prediction of NHC. Values show regression and covariances among variables. Circles show standardized parameter values. MHC, Maternal HC; Sch, Schooling; Inc, Income; Soc, Socio (latent variable); NHC, Neonate HC. Model fits: South/Southeast: p-value = <0.0001. Chi-square (X2) = 0.109, Degree of Freedom (df) = 5. X2/df = 0.0218. CFI = 0.981. TLI = 0.946. RMSEA = 0.047 (95%CI 0.000–0.096). Northeast: p-value = <0.0001. Chi-square (X2) = 0.130. df = 5. X2/df = 0.026. CFI = 0.991. TLI = 0.976. RMSEA = 0.039 (IC 95% 0.000–0.083). Plausibility indexes were considered capable of showing the influence of variable interaction, explaining the proportion of NHC.




Discussion

This study reinforces the hypothesis that maternal head circumference has an influence on neonatal response. As a differential, we evaluated the effects of combined maternal measurements in association with social factors defined by a latent variable. In addition, we assessed these effects in populations which was previously accessed showing a significant difference among nutritional profile (20), as also their anthropometry and social conditions. Maternal and neonatal head circumference is transmitted to future generations, characterizing a transgenerational cycle of maternal nutrition and social inequality.

Nutritional indicators report food inadequacies supporting interventions and clinical decisions. The strength of more than one indicator can clarify the extent of nutrition conditions and their consequences (21). Low HC was indicated as a proxy to screening children on a neurodevelopment risk and was associated factors poverty and malnutrition in LMIC (22). Low HC was observed in maternal and child low-income populations and it was related to poverty and maternal food deprivation (23). Study with Indian children reinforces this finding by positively associating head circumference, developmental quotient and severe malnutrition (24). The malnutrition impacts extend beyond carrying on futures consequences as stunted children are constantly disadvantaged, have difficulty learning, and have less opportunities to support themselves and their families (25).

Malnutrition may be caused by food shortage, predominantly in low- and middle-income countries. In high-income countries, nutritional transition bears a double burden of obesity-related chronic diseases. The intergenerational effects on linear growth are not new, correlating with child stunting, even after adjusting for socioeconomic status. Over the span of a generation, it would be necessary to reverse damages due to maternal undernutrition, considering that little can be achieved in a single generation (26). As secondary effects of this cycle, a study showed a significant association between HC, malnutrition and a lower intellectual coefficient of the population (27). This relationship extended to maternal and paternal HC, and both were predictive of neonatal HC measurements until age two (23). The Global Nutrition Report 2020 has shed light on cycles of global malnutrition, alerting to the perpetuation of inequalities in countries, mainly affecting more socioeconomically disadvantaged populations (28).

The genetic potential can be influenced by epigenetic mechanisms in populations with different nutrition and environmental conditions. Epigenetic mechanisms can be considered a link between environmental stimuli and being able to influence the phenotype later in life (29). Global evidence of growth failure showed direct relation to low nutrient intake, disease burden, and intergenerational transfer. The authors propose actions before and during pregnancy such as improving better nutrition, education, and broad health care (6). Other analysis proposals expanded the causes that maintain stunting in populations and highlighted factors such as the influence of agricultural productivity, gender equality, women's education, water and sanitation infrastructure, access to health services and fertility rates being the targets of nutrition-sensitive interventions (30). Adult height is a bridge capable of reflecting the health of generations, being indicated as a useful tool to monitor maternal health conditions and offspring outcomes (31). We have analyzed it by associating it with mother and social factors to predict neonate HC. Using a structured equation model, our analysis indicated that head circumference measurements of infants born to women from the Northeast were more vulnerable to the effects of maternal nutrition and combined social conditions.

Other social inequalities are reported in the literature such as the effects of poverty, strongly associated with brain volume. Countries with socially vulnerable populations show lower gray matter volume in the temporal and frontal lobes and hippocampus. A decrease in brain volume is proportionally greater in regions that have a higher percentage of poverty-stricken individuals, and is directly related to income (32). A study that evaluated 3,383 Dutch children, reported the influence of socioeconomic differences in head circumference in early childhood. Children of mothers with low education had a smaller HC (33). Cognitive capacity depends on the development of a healthy brain, and this organ is the basis of our civilization. For the development of society, it is fundamental to invest in the promotion and protection of brain development in children (34). The influence of these structural brain alterations is associated with learning skills and school performance. Impairment is more commonly observed in children from low-income families. Lower brain development impacts negatively on academic performance in children. Recent advances were made in another study that described the extension of deleterious effects of poor maternal nutrition before conception. Linear growth, developmental epigenetics, and brain and neurocognitive development were analyzed, indicating that malnutrition in early life may be irreversible (35). In Brazil, there is still inequality between country regions. Women from the Northeast have lower income, schooling, and less paid work than women from the South/Southeast (20). Similarly, our study showed a significant effect of schooling in Northeastern women, where each year of lower education reduced neonatal HC by 0.31 cm A similar result was obtained by a study in women of low economic status, showing low maternal education associated with slower fetal growth with a greater effect on head growth compared to other parts of the body (36). Moreover, HC reflects brain size which is linked to cognitive function. The poor head circumference growth reflects the child's malnutrition, the vigilance can provide an understanding between poverty and cognitive development (37).

In the last decades, has been observed that in low- and middle-income countries, linear growth does not be recovered, even when corrected age is used. Children suffering from any type of nutritional deprivation had a lower growth rate according to the population evaluated, and failed to reach the growth velocity expected for ages 2 to 5 years (38). There is an urgency of attention to the high risk posing over all forms of malnutrition over mortality and morbidity that is still increased by the combined effect caused by unsafe sex, alcohol, drug and tobacco use (25).

Evaluation of children in low- and middle-income countries showed that malnutrition was prevalent in 50% of the children according to HC measurement. Furthermore, girls had a greater risk of malnutrition. Malnourished girls carry a biological burden resulting in a whole perpetual cycle. HC measurements should be followed to decrease the burden of malnutrition in children (39). The conventional definition of short height is related to poor nutrition and poor social condition, affecting children from low- and middle-income countries (LMIC) (40). However, an isolated analysis is unable to confirm that short stature is a proxy indicator of malnutrition (41). The influence of maternal inheritance on offspring development is termed “Intergenerational cycle of growth failure.” This relationship shows the impact of maternal nutrition in different countries. Of all the measurements taken, the authors concluded that HC varied the most, indicating that populations diverge in HC measurement, particularly according to nutritional status of children (42). Moreover, another approach showed an association between maternal malnutrition and its influence on the size and morphology of the placenta. As a result, the capacity to transport nutrients to the fetus is reduced, triggering an epigenetic effect that is perpetuated throughout postnatal life (43).

A limitation of this study was its inability to differentiate the nutritional contribution of the mother in the past. Also, it is important to proceed with future research, the evaluation of the inter-and intra-observed variability of the maternal and neonatal anthropometric measurements which was not carried out in this study. Nevertheless, this is an exploratory study with no intention of exhausting the subject. It alerts researchers to the topic in countries with a social abyss such as Brazil, and proposes a to make a further investigation of nutrition, along with its influence on social inequalities in different populations.

In conclusion, this study highlights the potential intergenerational influence of maternal nutrition. It also suggests that social status has an influence on maternal and neonatal HC measurements. Measurements are possibly affected by maternal nutrition and are more relevant in socially deprived families. The mechanism seems to be mediated by the effect of both HC measurements with root causes in different social conditions. Epigenetics probably plays a role in these mechanisms and warrants further studies. In women from different populations, attention to nutrition could activate/deactivate epigenetic mechanisms for inherited growth potential, and help break this adverse intergenerational cycle.
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