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Abstract

Hypertensive disorders in pregnancy (HDP) are associated with increased risk of offspring

neurodevelopmental disorders, suggesting long-term adverse impacts on fetal brain devel-

opment. However, the relationship between HDP and deficits in general child development

is unclear. Our objective was to assess the association between HDP and motor and cogni-

tive developmental delay in children at 36 months of age. We analyzed data from the All Our

Families community-based cohort study (n = 1554). Diagnosis of HDP–gestational or

chronic hypertension, preeclampsia, or eclampsia–was measured through medical records.

Child development was measured by maternal-report on five domains of the Ages and

Stages Questionnaire (ASQ-3). Standardized cut-off scores were used to operationalize

binary variables for any delay, motor delay, and cognitive delay. We calculated adjusted risk

ratios (aRRs) and 95% confidence intervals (CIs) using logistic regression, sequentially con-

trolling for potential confounders followed by factors suspected to lie on the causal pathway.

Overall, 8.0% of women had HDP and hypertension-exposed children had higher preva-

lence of delay than unexposed children. Hypertension-exposed children had elevated risk

for developmental delay, but CIs crossed the null. The aRRs quantifying the fully adjusted

effect of HDP on child development were 1.19 (95% CI 0.92, 1.53) for any delay, 1.18 (95%

CI 0.86, 1.61) for motor delay, and 1.24 (95% CI 0.83, 1.85) for cognitive delay. We did not

find a statistically significant association between HDP and developmental delay. Confi-

dence intervals suggest that children exposed to HDP in utero have either similar or slightly

elevated risk of any, motor, and cognitive delay at 36 months after controlling for maternal

and obstetric characteristics. The observed direction of association aligns with evidence of

biological mechanisms whereby hypertensive pathology can disrupt fetal neurodevelop-

ment; however, more evidence is needed. Findings may have implications for early develop-

mental monitoring and intervention following prenatal hypertension exposure.
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Introduction

Hypertensive disorders of pregnancy (HDP) are common medical complications affecting up

to 9% of women, and include gestational hypertension, pre-eclampsia, and eclampsia [1]. In

addition to negatively impacting maternal and fetal health and well-being [2–7], HDP also

appear to have long-term neurodevelopmental impacts for children. A meta-analysis of 61

studies concluded that neurodevelopmental disorders, such as autism and attention-deficit/

hyperactivity disorder (ADHD), occur roughly 30% more frequently in children and adults

exposed to HDP in utero [8]. Hypertension is accompanied by reductions in placental blood

flow, oxygenation, and nutrient transfer that are thought to disrupt the highly sensitive process

of fetal brain development [9]. The potential mediating role of preterm birth has been raised

[10, 11]; HDP is resolved through medically indicated delivery and early delivery impacts neu-

rodevelopment. However, research on children born at term have found similarly elevated risk

of cerebral palsy, autism, ADHD, epilepsy, and intellectual disability in those exposed to pre-

eclampsia, suggesting a direct link between HDP and neurodevelopment independent of gesta-

tional age at birth [12].

In addition to clinical diagnoses, a number of studies have targeted the relationship between

HDP and child development. Studies examining early childhood (i.e., 6–36 months) have gen-

erally analyzed small samples of preterm, growth restricted, or small-for-gestational age

infants, and have reported a mix of negative [13, 14], positive [15, 16], or null [17, 18] associa-

tions between HDP and offspring cognitive scores. Studies on motor abilities at 18–24 months

have reported conflicting results, with four studies on preterm or small-for-gestational age

infants finding no differences in motor function according to in utero HDP exposure [14, 16–

18], and one study on infants of any gestational age finding gross motor delay to be signifi-

cantly more common among hypertension-exposed (46.2%) than unexposed offspring (5.3%)

[19]. By contrast, research using large birth cohorts have linked HDP to lower mean verbal

ability scores and increased odds of mild cognitive limitations at 10–11 years of age [20, 21], as

well as lower mean composite motor scores at 10 and 14 years [22].

Existing evidence supports that HDP heightens the risk of neurodevelopmental diagnoses

in offspring, and that a relationship between HDP and deficits in cognitive and motor develop-

ment may exist but is less consistently observed. Studies targeting general child development

are of lower quality due to variations in sampling frame (i.e., targeted to preterm or small

babies over the general population) and small study sizes (n<250), which likely contributes to

variation in results. Moreover, the association between HDP and child development is often

studied in the context of developmental scores, which fails to address whether differences in

mean group abilities translates into meaningful differences in function based on validated

thresholds of normal versus delayed development. Thresholds are generally used over scores

in practice settings to identify children experiencing issues relative to population norms.

Therefore, the objective of this study was to assess the association between HDP and motor

and cognitive developmental delay in children at 36 months of age.

Methods

Study sample

We performed a secondary analysis of data from the All Our Families (AOF) community-

based pregnancy cohort study comprised of 3,388 families in Calgary, Canada and surround-

ing areas. Details about the AOF cohort design are outlined elsewhere [23]. In brief, women

aged 18 years or older who were less than 25 weeks pregnant were recruited through primary

care offices, public health laboratory services, and community posters from May 2008 to
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December 2010. The AOF database includes extensive information on demographics, lifestyle,

mental health, health service use, and child development with data collected through mother-

reported questionnaires during pregnancy (22–24 and 32–36 weeks), the postpartum (4- and

12-months), and childhood (2-, 3-, and 5-years), as well as medical record data on labour and

delivery linked via personal health numbers.

The sample for this analysis included mother-child dyads who responded to the 3-year

questionnaire and consented to record linkage. Dyads were excluded if the child development

portion of the questionnaire was missing or if the child’s age was outside of the assessment

window (34 months/16 days to 38 months/30 days). We also excluded children with a diag-

nosed neurodevelopmental disorder reported within the first 3 years, to maintain a focus on

general child development and not neuropathology.

Exposure

HDP included chronic hypertension, gestational hypertension, preeclampsia, and eclampsia

[24]. Disorders were documented by birthing providers on delivery records using diagnostic

codes from the International Classification of Diseases 10th Revision (Version: 2008, Canada).

Chronic hypertension was defined as hypertension (systolic blood pressure�140 mmHg or

diastolic blood pressure�90 mmHg) with onset predating pregnancy, and was measured with

code O10. Gestational hypertension was defined as new-onset hypertension after 20 weeks ges-

tation, and was measured with code O13. Preeclampsia is a more severe, multi-system syn-

drome defined as gestational hypertension with proteinuria (i.e., excess urinary protein), and

was measured with code O14. Eclampsia is an extension of preeclampsia involving maternal

seizures, and was measured with code O15.

Outcome

Child development at 36 months was measured by maternal report on the Ages and Stages

Questionnaire third edition (ASQ-3) targeting five domains: communication, problem solv-

ing, personal-social (together comprising cognitive development), gross motor, and fine

motor (together comprising motor development) [25]. The ASQ-3 has good psychometric

properties [26] and has been widely adopted for community-based developmental screening.

Each domain contains six questions with responses of ‘yes’ (10 points), ‘sometimes’ (5 points),

or ‘not yet’ (0 points). Responses are summed into a domain score ranging from 0 to 60, and

higher scores indicate better development. ASQ-3 cut-offs for the ‘monitoring zone’ (score

between 1 and 2 standard deviations [SD] below the mean) and ‘referral zone’ (score�2 SD

below the mean) were established in a normative sample of 18,572 American children repre-

sentative of the ethnic and socioeconomic distributions in the population [25], and have been

externally validated against professionally administered standardized assessments [27, 28]. We

operationalized developmental delay as showing monitoring or referral scores (�1 SD below

the normative mean) for at least one of five domains (any delay), at least one of three cognitive

domains (cognitive delay), and at least one of two motor domains (motor delay).

Covariates

Covariates were chosen based on a literature review and dataset availability, and included

maternal age at baseline (numeric, years), sociodemographic vulnerability (yes/no), pre-preg-

nancy overweight or obesity (body mass index�30/<30), parity (nulliparous/multiparous),

depression during pregnancy (yes/no), depression at 4 months postpartum (yes/no), child sex

(male/female), and gestational age at birth (numeric, completed weeks). Sociodemographic

vulnerability was operationalized using a composite indicator [29], with ‘vulnerability’ defined
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as�2 of: annual household income <$60,000 (the eligibility threshold for subsidized housing

at the time of data collection), maternal education of some post-secondary or less, single mari-

tal status (including divorced, separated), does not own current home, and primarily speaks a

language other than English at home. Maternal depression was measured using a cut-point

score of�10 on the Edinburgh Postnatal Depression Scale, which is appropriate for a commu-

nity sample [30, 31].

Statistical analysis

Descriptive statistics were used to explore and summarize the data. We constructed multivari-

able logistic regression models followed by the adjrr command in STATA to estimate RRs and

95% CIs for developmental delay categories [32], comparing children exposed to HDP to those

who were not. We developed a directed acyclic graph (DAG; see Fig 1) to document our

assumptions about the relationship between the covariates, exposure, and outcome, and specif-

ically to hypothesize which variables were confounders (preceding both exposure and

Fig 1. Directed acyclic graph depicting the relationship between hypertensive disorders in pregnancy and child development and relevant covariates available for

this analysis.

https://doi.org/10.1371/journal.pone.0260590.g001
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outcome) and which were factors suspected to lie on the causal pathway. This DAG informed

our staged modelling approach: [33] model 1 was crude (unadjusted), model 2 was adjusted

for confounders (sociodemographic vulnerability, maternal age, pre-pregnancy overweight/

obesity, prenatal depression), and model 3 was adjusted for confounders and factors on the

causal pathway (gestational age, postpartum depression). Child sex was assessed as a potential

modifier using interaction terms; in the absence of evidence for modification, sex was included

in adjusted models to maintain consistency with published literature. Parity and mode of

delivery were excluded because they were not hypothesized to be on a pathway affecting the

exposure-outcome relationship. Continuous covariates were modelled using restricted cubic

splines with 4 knots at the 5th, 35th, 65th, and 95th percentiles of the data to allow for flexible

and non-linear distribution [34]. We conducted two sensitivity analyses. First, we repeated our

main analysis restricting our definition of HDP to cases of pre-eclampsia and eclampsia, to

examine whether associations differed when narrowing focus to the most severe cases of HDP.

Second, we repeated our main analysis restricting to children born at full-term (37 weeks or

greater), to examine whether adjusting for gestational age in our main models may have inad-

vertently introduced bias through unmeasured confounding between gestational age and child

development [35].

Information on missing data is outlined in S1 Table. We handled missing covariate data

(9.4% of participants) using complete case analysis and sample sizes for each model were

reported. We used a conservative approach for classifying developmental status of children

with data missing on one domain (1.5%); we were unable to classify overall development for

15 children, motor development for 7 children, and cognitive delay for 12 children.

The AOF study (REB15-0852 and REB13-0868) and this secondary analysis (REB18-1779)

received ethics approval from the Conjoint Health Research Ethics Board at the University of

Calgary.

Results

Sample selection for this analysis is depicted in Fig 2. Of the 2909 women still enrolled in the

AOF cohort at 3 years, 1993 completed the 3-year questionnaire (68.5% response rate). After

excluding those with missing hypertension data, missing or invalid child development data, or

a neurodevelopmental disorder in the child, 1554 mother-child dyads were included. Our ana-

lytic sample was fairly representative of the full 3388 participants in the AOF cohort (see S2

Table).

Sample characteristics overall and stratified by hypertensive status are displayed in Table 1.

The prevalence of HDP was 8.0%, with the majority of these 124 women experiencing gesta-

tional hypertension (83.9%) or preeclampsia (75.0%). A greater proportion of women with

HDP were overweight or obese, nulliparous, and experienced prenatal depression compared

to non-hypertensive women. The proportions of women experiencing sociodemographic vul-

nerability and postpartum depression were similar across exposure groups. Women with HDP

were more likely to have had a cesarean birth and delivered a preterm infant.

Prevalence estimates for developmental delays in children at 36-months overall and strati-

fied by in utero hypertension exposure are shown in Table 2. Overall, the prevalence any delay,

motor delay, and cognitive delay were 32.0% (95% CI 29.7, 34.4), 23.5% (95% CI 21.5, 25.7),

and 15.6% (95% CI 13.5, 17.2), respectively. The prevalence of delay was 5–8% higher among

hypertension-exposed children compared to unexposed children.

Results from logistic regression modelling are displayed in Table 3. We did not find evi-

dence of modification by child sex, with all p-values for interaction >0.05 and similar effect

sizes across males and females (results available upon request). RRs between HDP and
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developmental delay were attenuated modestly after adjusting for confounders (ARR1), and

minimally after additional adjustment for mediators (ARR2). Effect size estimates were invari-

ably greater than 1, indicating an elevated risk of developmental delay in hypertension-

exposed children relative to unexposed children, but were not statistically significant. After

controlling for maternal and obstetric characteristics, the RRs quantifying the fully adjusted

effect of HDP on child development were 1.19 (95% CI 0.92, 1.53) for any delay, 1.18 (95% CI

0.86, 1.61) for motor delay, and 1.24 (95% CI 0.83, 1.85) for cognitive delay.

Sensitivity analysis restricting to pre-eclampsia/eclampsia cases is presented in S3 Table.

RRs were consistently slightly higher than those from our main analysis (using composite

HDP), indicating an elevated risk of developmental delay in pre-eclampsia/eclampsia-exposed

children relative to unexposed children, but were not statistically significant. The aRRs quanti-

fying the fully adjusted effect of pre-eclampsia/eclampsia on child development were 1.27

(95% CI 0.98, 1.64) for any delay, 1.27 (95% CI 0.92, 1.74) for motor delay, and 1.29 (95% CI

0.85, 1.95) for cognitive delay. Sensitivity analysis restricting to children born full-term is pre-

sented in S4 Table. RRs did not materially differ from those in our main analysis (where we

Fig 2. Flowchart of study participants.

https://doi.org/10.1371/journal.pone.0260590.g002
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adjusted for gestational age), though precision was slightly lower as evidenced by wider 95%

CIs.

Discussion

In this prospective community-based cohort study, we did not find a statistically significant

association between HDP and any, motor, or cognitive delay in children at 36 months. CIs

Table 1. Sample characteristics.

Overall Hypertensive Status

Characteristic N = 1554 n (%) HDP+ HDP-

N = 124 n (%) N = 1430 n (%)

Hypertension type

Chronic hypertension – 8 (6.5) –

Gestational hypertension – 104 (83.9) –

Preeclampsia – 93 (75.0) –

Eclampsia – 17 (13.7) –

Maternal age at delivery, mean (SD) 31.4 (4.4) 31.9 (4.5) 31.3 (4.4)

Sociodemographic vulnerability 235 (15.3) 17 (14.1) 218 (15.4)

Single 19 (1.2) 2 (1.6) 17 (1.2)

Does not own home 274 (17.6) 21 (16.9) 253 (17.7)

Primarily speaks non-English language 152 (9.8) 11 (8.9) 141 (9.9)

Annual income <$60,000 200 (13.4) 17 (14.3) 183 (13.3)

Some post-secondary education or less 310 (20.0) 26 (21.0) 284 (19.9)

Pre-pregnancy overweight or obesity 522 (34.0) 84 (68.9) 438 (31.0)

Primiparous 780 (50.6) 87 (71.3) 693 (48.8)

Perinatal mental health

Prenatal depression 329 (21.4) 36 (29.5) 293 (20.7)

Postpartum depression 176 (11.6) 15 (12.3) 161 (11.5)

Cesarean delivery 380 (24.9) 45 (36.6) 335 (23.8)

Gestational age at birth (mean [SD]) 39.0 (1.7) 37.8 (2.3) 39.1 (1.6)

Preterm birth 89 (5.7) 24 (19.4) 65 (4.6)

Child male sex 825 (53.1) 63 (50.8) 762 (53.2)

HDP = hypertensive disorders in pregnancy. There is some variation in the denominator used for each characteristic due to missing data; the denominator included

only participants who provided data for each characteristic.

https://doi.org/10.1371/journal.pone.0260590.t001

Table 2. Estimated prevalence of developmental delays in children at 36 months.

Overall Hypertensive Status

HDP+ HDP-

Prevalence Prevalence Prevalence

(95% CI) (95% CI) (95% CI)

Any delay 32.0 39.8 31.4

(29.7, 34.4) (31.5, 48.8) (29.0, 33.8)

Motor delay 23.5 30.1 23.0

(21.5, 25.7) (22.5, 38.9) (20.8, 25.2)

Cognitive delay 15.2 20.2 15.2

(13.5, 17.2) (13.9, 28.3) (13.5, 17.2)

HDP = hypertensive disorders in pregnancy. CI = confidence interval.

https://doi.org/10.1371/journal.pone.0260590.t002
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suggested similar or slightly elevated risk of any delay in children exposed to HDP compared

to unexposed peers, but crossed the null value in crude and adjusted models. The magnitude

of point estimates between HDP and developmental delay persisted after controlling for socio-

demographic, maternal, obstetric, and mental health covariates decreasing slightly with each

adjustment, and with restriction to full-term births. Moreover, we did not find evidence of

modification by child sex.

Few studies have examined the association between HDP and child development before 3

years using a large community-based cohort design. Using a Canadian sample of 129 mothers

with severe preeclampsia and 140 normotensive age-, race-, and parity-matched controls,

Warshafsky et al. reported a greater proportion of exposed infants had suboptimal develop-

ment (i.e., failed�1 ASQ domain) each year in the first 5 years of life [19]. Researchers in Fin-

land examined the relationship between HDP types and an ordinal score of ASQ domain

failure at a mean of age 42.1 months in 2504 mother-child dyads, and reported a significant

association between preeclampsia and increasingly severe/pervasive delay after confounder

adjustments (AOR 1.52, 95% CI 1.04, 2.23), but not gestational hypertension (AOR 0.82, 95%

CI 0.53, 1.29) or chronic hypertension (AOR 0.89, 95% CI 0.93, 1.62) [36]. Chen et al. followed

4031 mother-infant dyads in China to determine the impact of HDP types on domain-specific

development scores and odds of delay at 6 months, as measured by blinded pediatricians using

the Gesell Development Schedules [37]. They concluded that chronic hypertension was associ-

ated with higher odds of delay on all domains except for gross motor, gestational hypertension

was associated with significantly lower mean scores on the social behavior domain only, and

preeclampsia was not significantly associated with differences in scores or odds of delay.

Adding to this literature, our results suggest there is no statistically significant effect of

HDP on developmental delay at 36 months. However, heeding recent calls to broaden scien-

tific interpretations beyond significance thresholds [38], it is noteworthy that although our

adjusted effect sizes were small (RRs�1.20), they were consistent and in the direction of ele-

vated risk for any, motor, and cognitive delay following prenatal hypertension exposure after

accounting for all pertinent covariates. Moreover, RRs increased in magnitude when we

restricted to pre-eclampsia/eclampsia cases only, which is consistent with the understanding

Table 3. Staged logistic regression modelling of the association between hypertensive disorders in pregnancy and developmental delays at 36 months.

Crude RR ARR1 ARR2

(95% CI) (95% CI) (95% CI)

Any delay n = 1539 n = 1451 n = 1441

HDP- 1.00 (Reference) 1.00 (Reference) 1.00 (Reference)

HDP+ 1.27 1.21 1.19

(1.01, 1.60) (0.94, 1.55) (0.92, 1.53)

Motor delay n = 1547 n = 1459 n = 1449

HDP- 1.00 (Reference) 1.00 (Reference) 1.00 (Reference)

HDP+ 1.31 1.20 1.18

(0.98, 1.74) (0.89, 1.63) (0.86, 1.61)

Cognitive delay n = 1542 n = 1453 n = 1443

HDP- 1.00 (Reference) 1.00 (Reference) 1.00 (Reference)

HDP+ 1.32 1.28 1.24

(0.91, 1.92) (0.86, 1.89) (0.83, 1.85)

HDP = hypertensive disorders in pregnancy. RR = risk ratio. CI = confidence interval. ARR1 = adjusted for confounders (sociodemographic vulnerability, maternal age,

pre-pregnancy overweight/obesity, prenatal depression, sex). ARR2 = adjusted for confounders and mediators (postpartum depression, gestational age).

https://doi.org/10.1371/journal.pone.0260590.t003
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that these disorders represent the most serious manifestations of HDP. Turning attention to

the CIs, our data appear to be compatible with effect sizes ranging from a small protective or

null effect as indicated by the lower bound values (RR�0.85), which is countered by a larger

detrimental effect as indicated by the upper bound values (RR�1.6) of HDP on risk of delay.

From a clinical perspective, a null association warrants no change to clinical practice, whereas

an elevated risk of developmental delay in children exposed to HDP in utero evident by age 3

suggests that closer neurodevelopmental assessment of these children during the early years

may be beneficial. Such assessment could aid with identifying children experiencing or at-risk

of delays, and facilitating access to supports before school entry when they are poised to have

the largest positive impact on children’s developmental trajectory [39].

There is also compelling evidence for the biological mechanisms by which hypertension

during gestation, and particularly pre-eclampsia, can impede neurodevelopment. Hyperten-

sion-related constriction of blood vessels introduces hypoxia in the placental environment,

and research in animal models has shown that acute and chronic hypoxic insults can lead to

permanent changes in brain structure [9]. On a cellular level, neurons are among the most sen-

sitive to decreases in oxygen which can impede normal cellular maturation and, in severe

cases, lead to apoptosis [40]. Blood vessel formation may also be impaired from hypertension,

with recent studies implicating the VEGF family of proteins which promote angiogenesis.

Data in both animals and humans has shown lower concentrations of certain VEGF proteins

(namely placental growth factor) and higher concentrations of sFlt-1 receptors that block

VEGF protein activity in maternal plasma and cord blood of preeclamptic subjects, suggesting

a disruption in blood vessel development [41]. Pro-inflammatory cytokines have been found

in elevated levels in the plasma of pregnant hypertensive women [42, 43], and findings from

animal models suggest that cytokine-mediated inflammation may affect the fetal brain by

directly injuring neurons or triggering damage to surrounding tissue [44]. Lastly, preeclampsia

appears to be associated with altered transport and metabolism of omega-3 fatty acids in pla-

cental tissue, as well as reduced levels of fatty acids in maternal plasma and cord blood after

accounting for dietary intake [45]. Limited quantity of omega-3 fatty acids to the fetus is prob-

lematic given the critical role these molecules play in developing the structure and function of

nervous system cells [46]. The functional implications of these physiologic differences between

hypertensive and normotensive pregnancies is not entirely clear, and represents an active area

of investigation. Nonetheless, researchers have identified several plausible pathways whereby

hypertension-induced changes to the maternal-placental-fetal unit can adversely impact fetal

brain development, which may lead to observable differences in developmental scores and/or

risk of delay in early childhood and beyond.

A major strength of this analysis is our use of a community-based sample of over 1500

mother-infant dyads. Much of the existing research on this topic has used small, clinic-based

samples of preterm or small infants, from which findings are not necessarily transferable to the

general neonatal population. The ASQ-3 and its normative cut-offs used to measure develop-

mental delay are commonly used by clinicians and educators to identify children at risk, lend-

ing to the applicability of our results for community settings. To maximize transparency, we

documented our assumptions about the relationship between variables in a DAG and used this

to guide our staged modelling. This approach enabled us to estimate the effect of HDP on

developmental delay without over-adjusting for covariates not hypothesized to be on a causal

pathway between the two. Such over-adjustments can degrade precision and/or open biasing

pathways that distort the estimated association [35, 47]. Given emerging research on the bi-

directional relationship between HDP and depression [48, 49] and established research on the

impact of maternal mental health on toddler development [50], we included maternal depres-

sion covariates in our analysis expecting it to positively confound (prenatal depression) or lie

PLOS ONE Hypertension in pregnancy and child development

PLOS ONE | https://doi.org/10.1371/journal.pone.0260590 December 1, 2021 9 / 15

https://doi.org/10.1371/journal.pone.0260590


on the causal pathway (postpartum depression) between HDP and child development. Impor-

tantly, maternal mental health has not been integrated into previous studies addressing this

topic. Our analysis suggests that maternal depression plays only a minor role in influencing

the effect of HDP on child development, as evidenced by minimal attenuations in the size of

RRs when mental health variables were included in the models. In light of evidence for sex-

dependent responses to insults in utero [51], we assessed whether the estimated associations

differed across child sex; the absence of sex modification we observed is consistent with the

limited previous research that included a similar assessment [22].

Findings should be considered in light of several limitations. Despite our modest sample

size, low cell counts for hypertensive women precluded us from separately analyzing individual

ASQ-3 domains or from assessing for effect modification by socioeconomic status [52]. A

larger sample size may have afforded us the opportunity to explore these elements, as well as

improved the precision of our results; however, our sample size is quite large when considered

in light of existing studies analyzing prenatal determinants of child development (often <500

participants) [50, 53, 54]. This study did not attempt to broadly determine risk factors for

developmental delay; our focus on a hypothesis-driven analysis, using a DAG, was intended to

solely capture the potential effect of HDP on delay in children at 36 months. Other known

determinants of cognitive and motor delay in the early years, such as parental education,

income, childcare quality, and parenting style [55], should always be considered when identify-

ing intervention opportunities. Data on the timing and severity of HDP were unavailable, and

thus our measurement of HDP is heterogeneous and precludes us from elucidating the relative

effects of early versus late-onset, or mild versus severe HDP on developmental outcomes.

Detailed information on maternal medications were also unavailable; certain medications,

such as anti-depressants [56–59], are associated with greater risk of HDP and may adversely

affect child development and could therefore be a source of unmeasured confounding. We

could only include roughly half of the AOF cohort in this analysis. Of the original 3388 partici-

pants, 1993 completed the 3-year questionnaire and 1553 had complete and valid data to

answer our research question. Participants in our analysis were somewhat more likely to be

older, primiparous, well educated, and have sufficient income compared to both the full AOF

sample and the general Alberta population (see S2 Table). These differences may explain the

8% prevalence of HDP observed in the sample, which is marginally higher than the 6% preva-

lence observed at the provincial level [1], given that older maternal age and primiparity are

risk factors for HDP [60]. This is unlikely to introduce selection bias, given that a slight over-

representation of hypertensive women is not expected to differ according to developmental

delay groups. Rather, generalization of our findings to vulnerable populations should be done

with caution.

Given the lack of statistical significance observed (using the traditional categorization with

5% significance level), it is possible that HDP truly has no effect on child development or that

unmeasured confounding is responsible for the differences that we and others have reported.

When considered more broadly with respect to the range of plausible values for this relation-

ship based on our data, and compatibility with the epidemiologic and biological evidence to

date, our findings cautiously add to the plausibility that HDP may adversely influence child

development at 36 months, although the relationship is still uncertain. Future epidemiologic

research is warranted to investigate this relationship, and we would recommend leveraging

large samples or meta-analysis, quantifying the direct (biological) effect, and operationalizing

delay with a clinically meaningful threshold. Optimal development during childhood provides

the foundation for healthy social and physical functioning into adolescence and adulthood. A

better understanding of the role of HDP on children’s neurodevelopment can inform monitor-

ing of developmental progress, communication with families, and early intervention following
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prenatal hypertension exposure, as well as upstream efforts to prevent HDP and its negative

sequelae on maternal and child health.

Conclusion

Although not statistically significant, our results suggest that children exposed to HDP may

have either similar or slightly elevated risk of any, motor, and cognitive delay at 36 months

after controlling for maternal and obstetric characteristics. Importantly, the direction of asso-

ciation we observed aligns with accumulating evidence on biological mechanisms through

which hypertension in utero adversely impacts fetal brain development. Additional research

would be valuable to clarify the effect of HDP on cognitive and motor delay. Knowledge that

HDP may pose additional risks for developmental delay allows for the identification of at-risk

children in infancy, thus enabling prompt intervention and additional supports to be deployed

in early childhood when they are at peak availability and effectiveness.
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