Cognitive function and behavioral problems in children born to mothers with preeclampsia: An Indian Study
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Abstract 
Studies from high-income countries report associations of preeclampsia (PE) with reduced cognitive function and adverse behavioral outcomes in children. We examined these associations in Indian children aged 5-7 years. Children of mothers with PE (n=74) and without PE (non-PE; n=234) were recruited at delivery at Bharati Hospital, Pune, India. The cognitive performance was assessed using three core tests from the Kaufman Assessment Battery and additional tests including Verbal fluency, Kohs block design, and Coding A (from Wechsler Intelligence Scale for Children). The parent-reported Strengths and Difficulties Questionnaire (SDQ) was used to assess children’s behavioral characteristics. Scores were compared between children from PE and non-PE groups, and associations analyzed further using regression models, adjusted for potential confounders. After adjusting for age, sex, socio-economic status and maternal education, children of PE mothers had lower Kohs block design scores (adjusted odds ratio per score category 0.57, [95% CI 0.34-0.96] p=0.034; 0.62 [95%CI (0.36, 1.07)], p=0.09 on further adjustment for birth weight and gestation) compared to children of mothers without PE. In the SDQ, there was a lower prevalence of abnormal ‘conduct problem’ scores in PE group than non-PE group (OR=0.33, 95% CI 0.13-0.83, p=0.018, in the fully adjusted model); there were no differences for other behavioral domains. This preliminary study in Indian children suggests that fetal exposure to maternal PE may have an adverse impact on visuo-spatial performance but does not adversely affect behavior. Further studies with larger sample sizes are essential to understand the effects of maternal PE on cognitive/behavioral outcomes in children.
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1.
Introduction

Preeclampsia (PE), a multisystem disorder that appears during the second half of pregnancy (Alonso-Ventura et al., 2020) is known to complicate up to 2-8% of pregnancies worldwide (ACOG Practice Bulletin, 2019). WHO estimates the prevalence of PE to be seven times higher in women from developing countries than developed countries (Osungbade  & Ige, 2011). In India, the prevalence varies from 5% to 15% (Nobis & Hajong, 2016).  According to the American College of Obstetricians and Gynecologists, PE is characterized by the new onset of hypertension, which can be accompanied by any of the following: proteinuria, thrombocytopenia, renal insufficiency, or impaired liver function, occurring after 20 weeks of gestation (ACOG, 2013). PE is also known to cause intrauterine growth restriction (IUGR) and preterm birth (Hung et al., 2018; McKinney et al., 2016). It is a leading cause of mortality and morbidity in both the mothers and their babies (Mayrink et al., 2018), particularly in developing countries (Belay & Wudad, 2019). The children born to mothers with PE are at an increased risk for several chronic disorders and have impaired functional capacity across many physiological systems (Rätsep et al., 2016a). 
Numerous studies have described the association of maternal PE with poor neurodevelopmental outcomes in the offspring, during childhood or young adulthood (Getahun et al., 2013; Tuovinen et al., 2014; Warshafsky et al., 2016; Zwertbroek et al., 2019). Other studies report no such deficit (Seidman et al., 1991; Leitner et al., 2012). Imaging studies have shown alterations in the structural and vascular anatomy of the brain in children of women with PE (Rätsep et al., 2016b; Dang et al., 2016). In addition, some studies have reported an increased risk for emotional and behavioral problems in children born to mothers with hypertensive disorders of pregnancy (Tearne et al., 2015; Robinson et al., 2013). A recent study by Dachew et al., reports that exposure to PE increases the risk of children having behavioral difficulties and internalizing problems (Dachew et al., 2020). However, in contrast, another study by Maher et al., found no evidence of associations between PE and child behavioral outcomes at age 3 years and 7–8 years (Maher et al., 2020). The inconsistent findings in the relationship between maternal PE and the child’s neurodevelopment and behavior could be related to small sample sizes, differences between study populations, confounding factors or methodological differences (Dachew et al., 2020; Tuovinen et al., 2014; Maher et al., 2018). The above studies have mostly been carried out in western populations, despite higher incidences of PE in low and middle-income countries (LMICs) (Osungbade & Ige, 2011; Firoz et al., 2011). 
Thus, an unfavorable intrauterine environment may affect fetal brain development due to placental ischemia, utero-placental under-perfusion, hypoxia, and oxidative stress, leading to an  elevated risk of cognitive, emotional- and behavioral problems later in life (Geva et al., 2006; Padilla et al., 2011; Tolsa et al., 2004). Our departmental study has reported lower cord blood levels of neurotrophins, such as brain-derived neurotrophic factor and nerve growth factor in PE (Kilari et al., 2011; Dsouza et al., 2014). These neurotrophins play a significant role in both pre- and post-natal brain development and may influence cognitive performance in children. The present study aimed to determine the association of PE with specific cognitive domains using neuropsychological tests that are validated for school-aged children and behavioral problems in urban Indian children aged 5-7 years.
2.
Material and methods

2.1
Study Design

Our study design has recently been described in detail (Randhir et al., 2020). Briefly, pregnant women were recruited at delivery at the Department of Obstetrics and Gynecology and Pediatrics, Bharati Hospital, Bharati Vidyapeeth University, Pune, India from 2006 to 2015. The study was explained to all women admitted to the obstetric unit by the staff and those who were willing to participate in the study were recruited. Women in the age group 18-35 years with singleton pregnancies were included in the study. Women with any pregnancy complications other than PE, a history of a major preexisting non-communicable disease (diabetes mellitus, hypertension, cardiovascular disease, seizure disorder, renal or liver disease, or a bleeding disorder), or alcohol or drug abuse, and those who were HIV or HBsAg positive were excluded from the study. Women were recruited irrespective of their history of previous pregnancies. For example, women with PE were recruited regardless of whether they had hypertension in their earlier pregnancy. There were two groups in the study: 1) a preeclampsia (PE) group and 2) a non-PE group. Women having a systolic blood pressure >140 mmHg and/or a diastolic blood pressure >90 mmHg, along with +1 proteinuria using a dipstick method were diagnosed with PE. The non-PE group included all women without PE. At times when the staff were too busy with clinical tasks, and the unit was under tremendous work pressure, recruitment was suspended.
The current study includes children born to these mothers who were followed up for assessment of their cognitive function and developmental and behavioral outcomes. Ethical approval for the follow-up of the children was obtained from the Bharati Vidyapeeth Institutional Ethics committee (BVDU/MC/52). At the time of recruitment, written consent was obtained from mothers, and at the time of the children’s follow-up assessments it was obtained from either the mother or father.
2.2
Information recorded at delivery

Maternal age, pre-delivery weight and height, parity, body mass index, gestational age, diastolic and systolic blood pressure, and education were recorded at the time of recruitment. The standard of living index (SLI) used in India’s National Family Health Survey 2 (International Institute for Population Sciences and ORC Macro, 2000) that was developed by International Institute for Population Sciences, Mumbai was used in the current study to record the socioeconomic status. The weight, length, and head and chest circumferences of the newborn at birth were recorded.

2.3
Study participants for cognitive assessment
We had no contact with the families after birth until the 3–7 year follow-up period (between July 2013 and October 2017). Hospital records were used to obtain their phone numbers and addresses. The parents were contacted by telephone and in cases where the phone number was not valid or missing, by home visits. Around 821 children (36%) could not be traced because their families had moved away, 22 [1%] children had died, and the parents of 284 [12%] declined to participate in the study (Figure 1). Some children were traced but could not be assessed because the funding was time-limited (‘Not in Study’ in Figure 1). Our aim was to enroll all the children (n=372) who were eligible and in the appropriate age range (5-7 years) for our cognitive assessments. Children who were outside this age range were not eligible to be a part of the present study (n=309). Of the eligible children, the parents of 59 declined to participate. Thus, a total of 313 (74 PE and 239 non-PE) children aged 5-7 years were invited for cognitive function assessments and behavioral outcomes (Figure 1).
2.4
Information collected/recorded 

2.4.1
Anthropometry

The children’s anthropometry and blood pressure were measured by trained staff according to standardized protocols. Detailed information on the children’s anthropometry and blood pressure has been recently described (Randhir et al., 2020).
2.4.2
Tests of cognitive function

The cognitive function of children  was evaluated using the Kaufman Assessment Battery, which included Atlantis, word order and pattern reasoning tests (Kaufman & Kaufman, 2004) and additional tests, included were Verbal fluency, Kohs block design and Coding tests (Korkman et al., 2001; Kohs, 1923; Wechsler, 1991). These assessments have undergone adaptation and validation for the Indian setting (Malda et al., 2008). They cover the domains of short-term memory (Word order); learning, long-term memory, and retrieval ability (Atlantis); reasoning ability (Pattern reasoning); visuo-spatial ability (Kohs block design), language production (Verbal fluency) and visuomotor processing speed and coordination, attention and concentration (Coding). These tests are described in detail in Table 1 and have been used in previous studies on assessing cognitive performance in school-aged children (Veena et al., 2010a, 2010b). All the tests were administered at Bharati Hospital in the local language, in a quiet room, in a single session lasting 60-90 minutes, by a Master’s level child psychologist who was trained to administer the tests. The psychologist was not aware of the mother’s pregnancy and birth outcome status and the tests were conducted in consultation with an experienced developmental pediatrician.
2.4.3
The Strengths and Difficulties Questionnaire (SDQ)

The Strengths and Difficulties Questionnaire (SDQ), was administered in the local language, Marathi to assess the behavioral characteristics of the children. SDQ is a brief screening questionnaire originally designed to detect behavioral problems and strengths in children, and widely used in epidemiological studies (Goodman, 1997). Either parent was given 25 behavioral descriptions and asked to say if these are ‘Not true’, ‘Somewhat true’ or ‘Definitely true’ descriptions of their child’s behavior. These 25 characteristics are grouped into five domains, each based on five of the descriptions, to assess: 1) emotional problems, 2) conduct problems, 3) hyperactivity, 4) peer relationship problems and 5) pro-social behavior. Domains 1-4 (each scoring 0-10) cover problem behaviors (‘difficulties’) and their scores are added together to create a ‘total difficulties’ score (0-40). Additionally, scores for emotional problems and peer problems were combined to create an ‘internalising problems’ score, while conduct problems and hyperactivity scores were combined to create an ‘externalising problems’ score. Domain 5 (score 0-10) covers positive behaviors (‘strengths’). For the total difficulties score and each of the five subscales, children were categorized as ‘normal’ or ‘borderline/abnormal’ according to specified cutoffs (Goodman, 1997). For all the subscales, a higher score specifies more problems except for the prosocial scale where higher score indicates fewer difficulties in prosocial behavior.
2.5
Covariates and Confounders



The following factors were considered as important covariates and potential confounding variables:

1) Maternal factors (maternal education); 

2) Infant factors (sex, gestational age at birth and birth weight); 

3) Child factors (current age, BMI, and height) and

4) Family factors (Socio-economic status, assessed using the Standard of Living Index (SLI))
2.6
Statistical Methods 


Statistical analysis was performed using the SPSS/PC + package (Version 20, Chicago, IL, USA). Values are presented either as mean and standard deviation (SD) for normally distributed continuous variables, median, and inter-quartile range (IQR) for continuous variables with a skewed distribution or number (n) and percent (%) for categorical variables. We created within-cohort Z-scores for the cognitive scores; normally distributed cognitive assessment scores were z standardized and skewed variables (e.g. pattern recognition) were transformed using the Fisher Yates transformation to create z standardized scores. Kohs block design score could not be transformed, due to a high number of zero values, and the raw scores were converted into an ordinal categorical variable. Strengths and Difficulties Questionnaire (SDQ) scores were categorized as n (%) in normal, borderline, and abnormal categories. We set out to examine the associations between PE and specific cognitive domains based on a set of validated neuropsychological tests. Comparisons between PE and non-PE groups for maternal, neonatal, and child characteristics, and cognitive and behavioral scores were carried out using t tests (for normally distributed continuous variables) and chi square tests (for categorical variables). We used the raw cognitive assessment scores in Table 2, so that the original values were presented as descriptives, and to compare characteristics between the PE and non-PE groups. Since the analyses were based on an a-priori hypothesis, and on cognitive domains that tend to be inter-correlated, we did not adjust for multiple comparisons. We examined the univariate associations of outcomes (cognitive scores and SDQ scores) with potential confounders: the child’s birth weight, gestational age at birth, current age, and sex, and the level of mother’s education and SLI (Supplementary tables 1 and 2). Associations between the exposure (PE/non-PE as a binary variable) and cognitive and behavioral scores were then analyzed using multiple regression (linear regression for continuous variables, logistic regression for binary variables and ordinal logistic regression for the categorized ordinal variable (Kohs block design test). A series of models were used: Model 1: adjusted for children’s sex and current age; Model 2: adjusted for parameters of model 1 plus the family’s SES and the mother’s education; and Model 3: adjusted for parameters of model 2 plus birth weight and gestational age. We used the z-scores created for the cognitive outcome variables in the regression analyses in Table 3 to enable comparisons of effect sizes across the different cognitive outcomes.  

3.
Results 

Maternal weight, BMI, and systolic and diastolic blood pressures were higher in the PE group than in the non-PE group (Table 2). Attained education level was slightly lower among women with PE compared to those without PE, but there were no significant differences in socio-economic (SLI) scores. Newborn weight, length and head circumference, and gestational age at delivery were lower in the PE group (Table 2). Children born SGA were similar in both the groups i.e.,  43.5% in non-PE, and 43.2% in PE (Table 2). As previously reported (Randhir et al., 2020), the children born to PE mothers were heavier and taller at age 5-7 years than the children of non-PE mothers. 
3.1
Cognitive and SDQ scores in children at 5-7 years of age
There were no significant differences in any of the cognitive scores between children in the PE and non-PE groups (Table 2). For SDQ data, fewer children in the PE group were in the abnormal range for conduct disorders compared to the non-PE group (Table 2). The other behavioral domains were similar in both the groups. 
3.2
Associations between maternal preeclampsia and the children’s cognitive outcomes, adjusting for confounders
There were significant positive associations of maternal education, the child’s birth weight, gestational age at birth, current age, height, BMI, and SES with the child’s cognitive scores. Girls scored better than boys in the verbal fluency test (Supplementary table 1). For the SDQ scores, total difficulties score, and hyperactivity and conduct problems scores were higher in boys. Scores for hyperactivity were higher in children whose mothers had less education (Supplementary table 2). Because of these associations, and because there were significant differences in birth size, children’s sex ratio, gestational age, and maternal characteristics between PE and non-PE groups, it was decided that we take a uniform approach for both cognitive and SDQ scores and use the above mentioned three regression models.

The regression analyses of associations between PE and cognitive outcomes are presented in Table 3. None of the cognitive scores were related to maternal PE/non-PE status in model 1. Kohs block design scores showed a negative association with maternal PE (lower scores in children of mothers with PE), which was significant in model 2 (adjusted for socio-economic status and maternal education). There was also a negative association of Atlantis test scores with maternal PE, of borderline statistical significance, in this model. After adjusting for birth weight and gestational age (model 3), the association of maternal PE with lower Atlantis test scores was attenuated, suggesting that it may be mediated by the lower birth weight and gestational age at birth often seen in PE. The association of maternal PE with lower Kohs block scores was little changed, though it became non-significant. 
3.3
Associations between maternal preeclampsia and the children’s emotional and behavioral characteristics
Logistic regression analyses of associations between PE and offspring emotional and behavioral characteristics in the SDQ are presented in Table 4. Except for conduct problems, there were no significant associations. Children exposed to PE consistently showed lower scores (a lower prevalence of conduct problems) than children born to non-PE mothers, across all three regression models.
3.4
Representativeness of the study sample

Supplementary Table 3 shows maternal, birth, and child characteristics for the original cohort of births, those studied at 3-7 years of age and those studied for cognitive function at 5-7 years of age, and an analysis of the differences between those studied and those not studied at each stage. The data from the 3–7-year follow-up has been published (Randhir et al., 2020). The mothers whose children were studied at 5-7 years were slightly shorter than the rest of the original cohort, but similar in all other characteristics including systolic and diastolic blood pressure. At birth, the children were larger than those not studied. There were significant differences in maternal characteristics between the subset of children studied for cognitive function at 5-7 years compared with the rest of the 3-7 year old children studied for cognitive function (mothers were slightly younger, shorter and lighter) but these differences were small in absolute terms. There were no differences in maternal blood pressure. As expected, given their older age, the 5-7 year old children were significantly heavier and taller than the remainder of the 3-7 year old group.  
4.
Discussion

This is the first study from India to explore the relationship of maternal PE with cognitive performance and behavioral characteristics in their offspring. Children of PE mothers had significantly lower scores on the Kohs block design test, a test of visual perception, organization, and visuo-spatial problem-solving compared to children of mothers without PE. 

Kohs block design test was used primarily for assessment of visuo-spatial performance. It was the only one of the six cognitive tests that showed a significantly lower performance among children of PE mothers. The association was significant only after adjustment for maternal education and socio-economic status (p=0.03).  It became just non-significant (p=0.09), with no reduction in the size of the regression coefficient) after adjusting for birth weight and gestational age, which are affected by PE and which may be on the causal pathway. Consistent with our findings, a follow-up study from Canada reported impaired visuo-spatial processing and working memory in offspring of PE mothers (n = 10) as compared to control participants (n = 41), based on psychometric testing (Rätsep et al., 2016c). These impairments could be due to structural and vascular anatomic changes in the fetal brains of PE children, as shown by the same authors (Rätsep et al., 2016b). A study by Many et al., 2003 reported that babies who were born with intra-uterine growth restriction after pregnancies complicated by PE (n=11) had a lower IQ at 3 years compared to growth-restricted babies whose mothers did not have PE (n=64) (Many et al., 2003). In the HYPITAT-II trial (Hypertension and Preeclampsia Intervention Trial at near Term) in the Netherlands, Zwertbroek et al. reported poorer neurodevelopmental outcomes (abnormal Ages and Stages Questionnaire [ASQ] and Child Behavior Check List scores) in the children of mothers with late preterm (between 34+0 and 36+6 week’s gestation) hypertensive disorders at 2 years of age, indicating an increased risk of developmental delay in these children (Zwertbroek et al., 2019). Sverrisson et al. prospectively assessed whether the differences in cognitive outcomes in Icelandic children, measured by performance on standardized tests in mathematics and language at age 9, 12 and 15 years was associated with the in-utero exposure to PE or eclampsia. They found that across all grade levels, children exposed to PE/eclampsia (n= 2,026) had a lower score in mathematics than those unexposed (Sverrisson et al., 2018). Similarly, Ehrenstein et al., reported reduced cognitive performance (IQ score) in Danish men exposed to gestational hypertensive disorders (Ehrenstein et al., 2009). Warshafsky et al., from Canada, reported a significantly higher proportion of children born to mothers with severe PE (n=129) failed ASQ gross motor categories at age 3 compared to children of women without PE (n=140) (Warshafsky et al., 2016).

In contrast to the above studies, some of which had very small sample sizes, a number of studies from Israel, Brazil, and Australia have failed to find any association of cognitive performance with PE (Adane et al., 2018; Matic et al., 2017; Leitner et al., 2012; Silveira et al., 2007; Seidman et al., 1991). These studies mainly looked at various neurocognitive parameters like IQ, school achievement, Mental Developmental Index (MDI), and Psychomotor Developmental Index (PDI) scores, gross and fine motor, language, cognitive, and communication skills, and general knowledge in children (from 18 months to 17 years) born to mothers with hypertensive disorders during pregnancy and compared them to normotensive women with no hypertensive disorders.
In our study, children’s behavior was assessed with the parent-reported Strengths and Difficulties Questionnaire (SDQ), which is widely used in research and clinical practice to investigate behavioral problems in children (Goodman, 1997), including in India (Bhola et al., 2016; Bele et al., 2013; Srikala et al., 2010). Children’s emotional and behavioral characteristics were largely similar in the PE and non-PE groups.  After adjustment for a range of confounding factors, parent-reported conduct problem scores were significantly lower in children of PE mothers. We identified few studies assessing behavioral problems in children in relation to maternal PE. A study by Maher et al., (2020) showed that PE was associated with a 50% increased odds of having an abnormal score in the Emotional domain of the SDQ at age 5 years. Another study demonstrated that PE was linked to a 62% increased risk of total emotional- and behavioral problems as reported by the teacher- (hyperactivity and conduct problems) in the offspring of PE mothers after adjustment for socioeconomic, obstetric, and individual factors (Dachew  et al., 2020). Recent studies from both animal models (Miguel et al., 2015) and human participants (Dachew et al., 2020; Maher et al., 2018) have reported a link between PE and altered mental health and behavioral outcomes in offspring. Our results are in contrast to these studies in showing lower conduct problem scores in children born to mothers with PE. It has been shown that psychological development and behavioural and emotional disorders in children are positively associated with PE severity (Lahti-Pulkkinen et al., 2020). Furthermore, a study by Walker et al., showed that the severity of PE increases the risk of autism spectrum disorder (ASD) and developmental delay in the offspring (Walker et al., 2015). However, in our study, we did not record or classify the women based on the severity of PE, which could have helped explain the contrary finding observed in the study. 
Another reason for the counterintuitive findings in our study could be related to the assessment being done by parents, who may have given socially desirable responses. It is possible that mothers with PE may have been more supportive and caring in view of the probably stressful early period and may have reported more desirable outcomes with reference to less conduct disorder problems among children of mothers with PE.  Hence, in future, there is a need to examine parenting knowledge, attitude and parenting practices and also to collect data concerning child behavior from additional sources, such as school teachers. Teacher-reported SDQ data in addition to parent-reported data would have enhanced the study. However, this was not feasible because our hospital is a tertiary care hospital where pregnant women with complications are referred for management. Thus, pregnant women (recruited at delivery) came from different locations, some of which were far distant from our hospital, making it unfeasible to obtain teacher ratings for all children and is a limitation of the study. It has been suggested that parents and teachers observe children in different environments, and teacher-reported SDQ data may give a better indication than parent-reported data of behavioral problems in children (Stone et al., 2010). 
In our study, the mothers were originally recruited at delivery to examine the association of various biochemical parameters and PE with birth outcomes. Given that it was originally a cohort study where we recruited women consecutively at delivery, it reflects the prevalence of PE in our setting and hence the difference in size of the two groups. Fifty percent of the women with PE were primiparous, which is reflective of the patterns seen in urban India. For the children’s follow-up, we retained the cohort design and tried to recruit all eligible children (Figure 1). At the time of recruitment for the children’s follow-up, parents were aware of the investigations planned, giving an opportunity for biased participations. Participation rates were similar in the PE and non-PE groups, and baseline characteristics were similar in the studied and not studied groups (Supplementary Table 3). Hence, the sample studied appeared to be representative of the original recruited cohort.
The fact that most of our participants were classified as upper socio-economic status may limit the generalizability of our results. Although the SLI is widely accepted, the classification of social class based on SLI cutoffs is a bit old now and has limitations. The majority of people in urban Pune would be classified as belonging to the upper social class based on the current cutoffs. In another hospital-based study conducted by our group in urban Pune, the majority of participants (97%) were also classified as upper social class based on this score (Kumaran et al., 2021).  Over the past decade, India has undergone a significant socio-economic transition, and Pune has transformed into a cosmopolitan city with a population of over 5 million accompanied by economic prosperity and increased disposable income, mainly due to growth in the information technology and automobile sector industries. This transition is partly responsible for a large proportion of the population of Pune being classified as upper social class, according to the SLI. Given the limitations of social class categories as defined by SLI, we used SLI as a continuous variable in our analyses to use the spread in the raw scores.

The Bharati hospital is one of Pune’s largest hospitals and enjoys a very good reputation in the city. It has a general wing (where charges are cheaper and discounts are given to people on low incomes) and a private wing (charges comparable with other private hospitals). It therefore attracts patients from all socio-economic classes, and we believe the scores are a reflection of the spread within the population of Pune. Strengths of our study were that we followed the offspring of PE mothers from birth until age 5-7 years and simultaneously analyzed cognitive and behavioral outcomes. We had a battery of cognitive function tests specifically validated for school-going Indian children. Data on various potential confounders including SLI score, maternal education, birth weight, and gestational age. The study had some limitations. Family history of behavioral concerns and/or diagnoses was not recorded at the time of recruitment. As we are a tertiary referral center and the pregnant women were recruited at delivery, unfortunately we do not have reliable information on the exact timing of the onset of PE - whether early or late – for all women. A significant number of mothers and offspring were lost to follow-up by 5-7 years postpartum (Figure 1), thereby resulting in a small sample size, with the risks of loss of power and the introduction of bias. However, our representativeness analysis suggested that our sample was reasonably representative of the original mothers and babies. The children included in the current study were heavier and larger at birth and had a higher gestational age than those not studied. This is often seen in follow-up of birth cohorts, due to better survival of heavier and more mature babies. However, the differences were small, and were similar in PE and non-PE groups, and hence unlikely to affect our results. 
5.
Conclusions

In conclusion, children born to mothers with PE had lower Kohs block design scores as compared to children of mothers without PE, indicative of a deficit in a specific cognitive domain. However, the risk of externalizing problems (i.e., conduct problems) in children exposed to PE was lower, compared with unexposed children. Further studies with a larger number of mother-child dyads are needed to better understand the associations between maternal hypertension and neurodevelopmental outcomes in children.
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Table 1:  Details of Cognitive tests
	Tests from KABC-II*

	   Name of the test
	Description
	Cognitive abilities

	Atlantis
	The child is taught nonsense names for objects (fish, plants and shells) and is asked to point to the named object among an array of pictures.
	Learning ability/long-term storage and retrieval, associative memory.

	Word order
	The child is asked to point to a series of silhouettes of common objects in the same order as these are named by the examiner.
	Memory span, short term memory, working memory.

	Pattern Reasoning
	The child completes a pattern by selecting the correct image from a set of 4 to 6 options shown; most stimuli are abstract, geometric shapes and the difficulty of the task increases as the test progresses.
	Reasoning abilities such as induction and deduction and fluid reasoning.

	Additional tests

	Verbal fluency
	The child is asked to name as many first names (eg, “Nisha”, “John”) as possible in 1 minute.
	Retrieval ability; speed and flexibility of verbal thought processes; language production.

	Kohs block Design
	The child is asked to arrange 4 multi-colored blocks to copy picture designs presented on test cards.
	Visuo-spatial problem solving, visual perception and organization.

	Coding-WISC-III$
	The child is asked to substitute specific symbols for alternative symbols according to a legend. This test is timed, and scored by the numbers of correct substitutions made in 2 minutes.
	Visual-motor processing speed and coordination, short term memory, visual perception, visual scanning, cognitive flexibility, attention.


*KABC: Kaufman assessment battery for children-2ndedition

 $WISC: Wechsler Intelligence Scale for Children-3rdedition

 Table 1 adapted from Veena et al., 2010a, 2010b.
Table 2: Maternal, neonatal and child characteristics, and cognitive assessment scores at age 5-7 years according to whether or not the mother had PE
	
	n
	Non-PE
	n
	PE
	p  

	Maternal Characteristics at Delivery

	Age (yrs)
	239
	23.4 ± 3.4
	74
	23.8 ± 4.2
	0.41

	Height (cms)
	239
	151.9 ± 5.4
	70
	152.9 ± 6.6
	0.20

	Weight (kgs)
	163
	55.9 ± 8.2
	54
	62.4 ± 10.9
	0.001

	BMI (kg /m2)
	163
	24.1 ± 3.5
	53
	26.8 ± 4.7
	0.001

	Systolic Blood Pressure (mmHg)
	239
	124.4 ± 8.3
	74
	146.4 ± 12.4
	0.001

	Diastolic Blood Pressure (mmHg)
	239
	79.0 ± 5.3
	74
	95.5 ± 9.4
	0.001

	SLI score
	237
	28.3 ± 4.3
	74
	29.1 ± 4.9
	0.20

	Maternal Education n (%)
	

	Post graduate
	14 (5.9)
	7 (9.5)
	0.040

	Graduate
	33 (13.8)
	20 (27.0)
	

	Higher secondary
	44 (18.4)
	8 (10.8)
	

	Secondary
	134 (56.1)
	35 (47.3)
	

	Primary
	6 (2.5)
	1 (1.4)
	

	Vocational
	0 (0.0)
	1 (1.4)
	

	Illiterate
	8 (3.3)
	2 (2.7)
	

	Newborn Characteristics

	Gestational age (wks)
	239
	38.8 ± 2.0
	74
	37.6 ± 2.6
	0.001

	Birth weight (gms)
	239
	2679.34 ± 427.52
	74
	2491.72 ± 616.28
	0.003

	Birth length (cm)
	235
	47.6 ± 3.2
	73
	46.7 ± 4.3
	0.040

	Birth HC (cm)
	236
	33.8 ± 1.7
	73
	32.8 ± 2.3
	0.001

	SGA n(%)
	104 (43.5)
	32 (43.2)
	0.967

	Sex n(%)

	Boys
	146(61.1)
	33(44.6)
	0.012

	Girls
	93(38.9)
	41(55.4)
	

	Child  Characteristics

	Age (years)
	239
	6.3 ± 0.5
	74
	6.3 ± 0.3
	0.46

	Weight (kg)
	239
	17.4 ± 2.6
	74
	18.7 ± 4.3
	0.001

	Weight-for-age Z-score
	239
	-1.5 ± 1.0
	74
	-0.97 ± 1.4
	0.001

	Height (cm)
	239
	112.4 ± 5.5
	74
	114.5 ± 5.1
	0.004

	Height-for-age Z-score
	239
	-0.95 ± 0.98
	74
	-0.5 ± 0.95
	0.001

	BMI (kg/m2)
	239
	13.7 ± 1.2
	74
	14.2 ± 2.4
	0.016

	BMI-for-age Z-score
	239
	-1.4 ± 0.99
	74
	-1.1 ± 1.6
	0.047

	Cognitive Assessment Scores

	Atlantis
	239
	60.8 ± 16.4
	74
	57.6  ± 17.1
	0.15

	Kohs block design

≤1 n (%)

1 – 4 n (%)

> 4 n (%)
	239

102 (42.7)

81 (33.9)

56 (23.4)
	1 (0,3)

-

2 (1.5,3)

9 (7,12)
	74

38 (51.4)

26 (35.1)

10 (13.5)
	0 (0,3)

-

2 (2,3)

10 (7, 12.3)
	0.29

0.16

	Word order
	239
	14.8 ± 3.3
	74
	14.7  ± 3.7
	0.88

	Pattern reasoning
	239
	6 (2,9)
	74
	5 (2,9)
	0.52

	Verbal fluency 
	239
	6.5 ± 2.4
	74
	7.0 ± 2.3
	0.07

	Coding A
	239
	34.9 ± 12.2
	74
	33.1 ± 12.7
	0.27

	Strengths and Difficulties Scores

	
	Non-PE
	PE
	p

	
	Normal
	Borderline
	Abnormal
	Normal
	Borderline
	Abnormal
	

	Total difficulties score n (%)
	210 (91.3)
	13 (5.7)
	7 (3.0)
	66 (89.2)
	5 (6.8)
	3 (4.1)
	0.85

	Emotional problems n (%)
	200 (87.0)
	16 (7.0)
	14 (6.1)
	65 (87.8)
	7 (9.5)
	2 (2.7)
	0.43

	Conduct problems n (%)
	177 (77.0)
	31 (13.5)
	22 (9.5)
	68 (91.9)
	4 (5.4)
	2 (2.7)
	0.02

	Hyperactivity n (%)
	190 (82.6)
	25 (10.9)
	15 (6.5)
	60 (81.1)
	8 (10.8)
	6 (8.1)
	0.90

	Peer problems n (%)
	188 (81.7)
	22 (9.6)
	20 (8.7)
	63 (85.1)
	5 (6.8)
	6 (8.1)
	0.74

	Prosocial scale n (%)
	229 (99.6)
	1 (0.4)
	0 (0)
	73 (98.6)
	1 (1.4)
	0 (0)
	0.40


Values are expressed as mean ± SD and p values were derived using t-tests, except for maternal education level and strength and difficulty scores [n(%), Chi square test], and Kohs block design and Pattern reasoning scores [median(25th, 75th percentile), median tests], BMI: Body mass index; HC: Head Circumference, n: no. of participants; p: level of significance; PE: Preeclampsia; SLI: Standard of living index
Table 3: Multiple regression analysis: Associations of maternal PE with offspring cognitive outcome
	
	Model 1
	Model 2
	Model 3

	
	Age & Sex of child
	Sex and age of child, SLI score,

Maternal education
	Sex and age of child, SLI score, 

Maternal education, Birth weight, Gestational age

	
	n
	B (CI)
	p
	n
	B (CI)
	p
	n
	B (CI)
	p

	Atlantis
	313
	-0.16(-0.42, 0.11)
	0.24
	311
	-0.23(-0.49, 0.03)
	0.08
	311
	-0.15(-0.41, 0.11)
	0.26

	Word Order
	313
	-0.03(-0.30, 0.23)
	0.81
	311
	-0.13(-0.38, 0.11)
	0.29
	311
	-0.06(-0.31, 0.20)
	0.65

	Pattern Recognition
	313
	0.003(-0.25, 0.25)
	0.98
	311
	-0.092(-0.33, 0.14)
	0.44
	311
	-0.04(-0.28, 0.20)
	0.75

	Verbal Fluency
	313
	0.21(-0.05, 0.47)
	0.11
	311
	0.15(-0.10, 0.40)
	0.24
	311
	0.15(-0.12, 0.41)
	0.27

	Coding A
	313
	-0.17(-0.43, 0.10)
	0.22
	311
	-0.21(-0.47, 0.06)
	0.12
	311
	-0.14(-0.42, 0.13)
	0.31

	
	n
	OR (CI)
	p
	n
	OR (CI)
	p
	n
	OR (CI)
	p

	Kohs Block Design
	313
	0.65(0.39, 1.08)
	0.10
	311
	0.57(0.34, 0.96)
	0.034
	311
	0.62(0.36, 1.07)
	0.09


Cognitive scores were used as Z standardized variables and were analyzed using linear regression. For the Kohs block design test aORs (adjusted odds ratios) were derived using ordinal logistic regression, with scores categorized into 3 groups; the aORs are pooled estimates following a test of the proportional odds assumption. They represent the odds of having a one category higher score in this test than a child in the non-PE group. B: Regression co-efficient; CI: Confidence interval; n: no. of participants; OR: Odds ratio; p: level of significance; SLI: Standard of living index
	
	Model 1
	Model 2
	Model 3

	
	Adjusted for children’s age and sex
	Adjusted for children’s age and sex, SLI score and maternal education
	Adjusted for children’s age and sex, SLI score, maternal education, and birth weight and gestational age

	
	n
	B(CI)
	p
	n
	B(CI)
	p
	n
	B(CI)
	p

	Total Difficulties score

	303
	-0.09(-1.11, 0.93)
	0.86
	301
	-0.04(-1.07, 0.99)
	0.94
	301
	0.07(-0.99, 1.14)
	0.89

	Individual Strengths and Difficulties scales (0=normal; 1=borderline or abnormal)
	
	
	
	
	
	
	
	
	

	
	n
	OR(CI)
	p
	n
	OR(CI)
	p
	n
	OR(CI)
	p

	Emotional problems
	304
	0.85(0.38, 1.91)
	0.69
	302
	0.83(0.37, 1.87)
	0.65
	302
	0.80(0.34, 1.89)
	0.61

	Conduct problems
	304
	0.33(0.13, 0.80)
	0.015
	302
	0.32(0.13, 0.79)
	0.013
	302
	0.33(0.13, 0.83)
	0.018

	Hyperactivity 
	304
	1.74(0.59, 2.33)
	0.65
	302
	1.26(0.63, 2.54)
	0.51
	302
	1.14(0.55, 2.38)
	0.72

	Peer problems
	304
	0.85(0.41, 1.77)
	0.66
	302
	0.89(0.42, 1.86)
	0.75
	302
	0.87(0.41, 1.88)
	0.72

	Prosocial scale
	-
	-
	-
	-
	-
	-
	-
	-
	-


Table 4: Regression analysis: Associations of maternal PE with children’s emotional and behavioral problems
The Total Difficulties score was normally distributed and was analyzed using linear regression. The Prosocial scale had only 2 borderline and no abnormal cases, which were too few to meaningfully analyze. B: Regression co-efficient; CI: Confidence interval; n: no. of participants; OR: Odds ratio; p: level of significance; SLI: Standard of living index
Fig 1: Flow diagram of the enrollment of study participants
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Supplementary Table 1: Correlations between cognitive scores and potential confounding factors
	
	
	Atlantis

(Z-score)
	Word order (Z-score)
	Pattern reasoning

(Z-score)
	Coding A

(Z-score)
	Verbal fluency

(Z-score)
	Kohs block design 

	
	n
	r
	p
	r
	p
	r
	p
	r
	p
	R
	p
	r
	p

	Maternal factors

	Maternal education (yrs)
	313
	0.268
	0.001
	0.349
	0.001
	0.357
	0.001
	0.132
	0.020
	0.249
	0.001
	0.197
	0.001

	Infant factors

	Sex (male=0, female=1)
	313
	-0.094
	0.10
	0.058
	0.31
	0.090
	0.11
	0.049
	0.39
	0.168
	0.003
	-0.017
	0.76

	Birth weight
	313
	0.217
	0.001
	0.170
	0.003
	0.169
	0.003
	0.163
	0.004
	0.054
	0.34
	0.138
	0.015

	Gestational age at birth (wks)
	313
	0.137
	0.015
	0.143
	0.011
	0.098
	0.08
	0.117
	0.038
	-0.023
	0.68
	-0.001
	0.99

	Child factors

	Age (years)
	313
	0.139
	0.014
	0.080
	0.16
	0.172
	0.002
	0.068
	0.23
	0.141
	0.013
	0.176
	0.002

	Height (Z-score)
	313
	0.137
	0.015
	0.264
	0.001
	0.241
	0.001
	0.163
	0.004
	0.248
	0.001
	0.095
	0.09

	BMI (Z-score)
	313
	0.110
	0.051
	0.212
	0.001
	0.201
	0.001
	0.120
	0.034
	0.098
	0.08
	0.042
	0.46

	Family factors

	SLI score
	311
	0.175
	0.002
	0.301
	0.001
	0.278
	0.001
	0.135
	0.018
	0.228
	0.001
	0.193
	0.001


p: level of significance; n: no. of subjects; r: Pearson’s correlation coefficient, for maternal education, and infant sex; and Spearman’s correlation coefficient for Kohs block design

	
	
	Total difficulty score
	Emotional symptoms scale
	Conduct Problem scale
	Hyperactivity scale
	Peer problem scale
	Prosocial scale

	
	n
	r
	p
	r
	p
	r
	p
	r
	p
	r
	p
	r
	p

	Maternal factors

	Maternal education (yrs)
	304
	-0.068
	0.24
	0.062
	0.28
	-0.063
	0.27
	-0.116
	0.044
	0.028
	0.62
	0.001
	0.98

	Infant factors
	
	
	
	
	
	
	
	
	
	
	
	
	

	Sex (male=0, female=1)
	304
	-0.130
	0.023
	0.062
	0.28
	-0.169
	0.003
	-0.124
	0.030
	-0.039
	0.50
	-0.010
	0.87

	Birth weight
	304
	0.059
	0.31
	0.081
	0.16
	0.065
	0.26
	0.013
	0.82
	0.041
	0.48
	-0.007
	0.90

	Gestational age at birth (wks)
	304
	0.033
	0.57
	0.028
	0.63
	0.041
	0.48
	0.041
	0.48
	-0.050
	0.39
	-0.049
	0.39

	Child factors
	
	
	
	
	
	
	
	
	
	
	
	
	

	Age (years)
	304
	-0.022
	0.70
	-0.027
	0.64
	-0.052
	0.37
	-0.076
	0.19
	0.069
	0.23
	-0.097
	0.09

	Height (Z-score)
	304
	-0.025
	0.67
	0.010
	0.87
	-0.005
	0.93
	-0.004
	0.94
	-0.038
	0.52
	-0.001
	0.98

	BMI (Z-score)
	304
	-0.092
	0.11
	0.005
	0.93
	-0.078
	0.18
	-0.034
	0.55
	-0.059
	0.30
	0.037
	0.53

	Family factors
	
	
	
	
	
	
	
	
	
	
	
	
	

	SLI score
	302
	-0.104
	0.07
	-0.010
	0.86
	-0.109
	0.06
	-0.046
	0.43
	-0.052
	0.37
	-0.052
	0.37


Supplementary Table 2: Correlations between SDQ scores and potential confounding factors

n: no. of subjects; p: level of significance; r: Spearman’s correlation coefficient

Supplementary Table 3: Comparison of maternal, birth and child characteristics between children studied at age 3-7 years and 5-7 years post birth and the remainder of the original births
	
	Whole cohort (A)

	  p-value

(B  vs. A-B)
	3-7 years post-birth (B)
	p-value

(C  vs. A-C)
	5-7 years post-birth (C)
	p-value

(C vs. B-C)

	Maternal Characteristics at Delivery
	
	
	
	
	
	

	Age (yrs)
	23.7 ± 3.7 (n=2268)
	0.33
	23.8 ± 3.6 (n=681)
	0.29
	23.5 ± 3.6 (n=313)
	0.03

	Height (cm)
	152.8 ± 5.9 (n=2055)
	0.32
	153.0 ± 5.9 (n=648)
	0.032
	152.1 ± 5.7 (n=309)
	0.001

	Weight (kg)
	57.9 ± 10.5 (n=1859)
	0.001
	59.5 ± 10.6 (n=536)
	0.53
	57.5 ± 9.3 (n=217)
	0.001

	Body Mass Index (kg/m2)
	24.7 ± 4.1 (n=1755)
	0.001
	25.3 ± 4.2 (n=523)
	0.77
	24.8 ± 4.0 (n=216)
	0.02

	Systolic Blood Pressure (mmHg)
	129.8 ± 16.5 (n=2264)
	0.43
	130.2 ± 16.1 (n=681)
	0.86
	129.6 ± 13.3 (n=313)
	0.40

	Diastolic Blood Pressure (mmHg)
	83.5 ± 11.4 (n=2264)
	0.49
	83.8 ± 11.1 (n=681)
	0.34
	82.9 ± 9.6 (n=313)
	0.08

	Education
	n (%)
	
	n (%)
	
	n (%)
	

	Graduate & above
	434 (19.7)
	0.001
	167 (24.5)
	0.19
	70 (22.4)
	0.23

	Below graduate
	1774 (80.3)
	
	514 (75.5)
	
	243 (77.6)
	

	Newborn Characteristics
	
	
	
	
	
	

	Gestational age (wks)
	37.8 ± 2.6 (n=2262)
	0.001
	38.5 ± 2.2 (n=681)
	0.001
	38.4 ± 2.2 (n=313)
	0.60

	Baby weight (gm)
	2535 ± 571 (n=2265)
	0.001
	2670 ± 526 (n=681)
	0.001
	2635 ± 484 (n=313)
	0.11

	Baby length (cm)
	46.9 ± 3.7 (n=2197)
	0.001
	47.4 ± 3.5 (n=657)
	0.006
	47.4 ± 3.5 (n=308)
	0.73

	Baby head circumference (cm)
	32.9 ± 2.4 (n=2200)
	0.001
	33.3 ± 2.1 (n=660)
	0.001
	33.6 ± 2.1 (n=310)
	0.004

	Baby chest circumference (cm)
	30.9 ± 3.0 (n=2180)
	0.001
	31.4 ± 2.5 (n=652)
	0.001
	31.6 ± 2.4 (n=304)
	0.16

	Child Anthropometry
	
	
	
	

	Weight (kg)
	16.2 ± 3.3 (n=674)
	
	17.7 ± 3.1 (n=313)
	0.001

	Height (cm)
	107.8 ± 8.2 (n=674)
	
	112.9 ± 5.5 (n=313)
	0.001

	Body mass index (kg/m2)
	13.8 ± 1.4 (n=674)
	
	13.8 ± 1.6 (n=313)
	0.57


Values are expressed as mean ± SD for continuous variable and n (%) for categorical variable, p values were derived using t-tests for continuous variable and chi square for categorical variable; n: no. of participants; p <0.05: level of significance, A: Whole cohort; B: 3-7 years post-birth; 

C: 5-7 years post-birth.
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