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Abstract

Background—Animal studies have linked in utero vitamin D exposure to various aspects of

offspring brain development. Limited research has translated these findings to humans, and none

have employed cord blood to measure exposure late in gestation.

Methods—Our objective was to examine associations between maternal 25(OH)D measured at

≤26 weeks’ gestation or cord blood 25(OH)D and offspring global development, IQ, achievement,

and behavior in the U.S. Collaborative Perinatal Project (1959–73). This was a secondary analysis

of data from a case-cohort study, with 3896 women and children who participated in at least one

outcome assessment. Psychologists assessed global development at eight months, IQ and behavior

at four and seven years, and achievement at seven years. Multiple linear and logistic regression

was used to examine associations between 25(OH)D and child outcomes, controlling for maternal

education, age, parity, race, maternal BMI, marital status, smoking, gestational age and month of

blood draw, and study site.
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Results—Positive associations for many outcomes were greatly attenuated upon adjustment for

confounders and were generally null. Only IQ at age 7 was associated with both maternal and cord

blood 25(OH)D, but the effect estimates were very small (β for 5 nmol/L increment of maternal

25(OH)D=0.10; 95% CI: 0.00, 0.19).

Conclusions—We observed very little indication that maternal or cord blood 25(OH)D are

associated with cognitive development, achievement and behavior between 8 months and 7 years

of age.

Reduced sunlight exposure and low dietary intake contribute to poor vitamin D status among

pregnant women in the U.S.1, 2 Maternal vitamin D insufficiency has been associated with

poor fetal growth3 and offspring skeletal development.4 Vitamin D may also be important in

fetal brain development by supporting neuronal differentiation and maturation, synthesis of

neurotransmitters, and regulation of damaging reactive oxygen species, among other

functions based on the results of animal studies.5–10

Limited research has examined associations between in utero vitamin D exposure and brain

development, and most studies have relied on season of birth as a proxy for vitamin D

because of the strong seasonal variation of vitamin D status.11 However, serum 25(OH)-

vitamin D (25(OH)D) is a measure that integrates vitamin D synthesized in the skin from

sunlight exposure as well as vitamin D taken in through diet and supplements, and therefore

is the best marker of vitamin D nutritional status.2 Maternal 25(OH)D diffuses across the

placental barrier during pregnancy.12 Cord blood 25(OH)D concentrations are 75–90% of

maternal concentrations at delivery.12, 13 In fact, the fetus relies entirely on the vitamin D

stores/intakes of the mother; if the mother is deficient, so is the fetus.14 However, previous

studies of in utero vitamin D have relied on measurement of maternal 25(OH)D and not cord

blood which may be a better measure of fetal 25(OH)D status in late gestation. Cord blood

25(OH)D may also be more relevant to pediatric outcomes.

Several rodent studies have observed abnormal behaviors in offspring exposed to low

maternal 25(OH)D,10, 15 and three human studies have examined various cognitive or

behavioral outcomes in relation to maternal 25(OH)D.16–18 Gale et al. measured third

trimester 25(OH)D and IQ and parent-reported behavior at age nine in 178 offspring and

found no association with IQ or with behavior problems with the exception of fewer peer

problems with increasing maternal 25(OH)D.16 An Australian study of vitamin D status at

18 weeks’ gestation and parent-reported child behavior and receptive vocabulary at various

ages 2–18 years (n=412–592) observed no association with internalizing or externalizing

behavior at any age, but found the odds of language impairment to be almost twice as high

for the children with maternal 25(OH)D in the lowest quartile (15–46 nmol/L) compared to

the highest quartile (72–154 nmol/L).17 Loss to follow-up resulted in reduced sample sizes

in these studies which may have limited the ability to detect subtle associations. Also,

relying only on parent reports of behavior may be an incomplete assessment. Morales et al.

observed positive linear associations between maternal 25(OH)D usually measured during

the second trimester and mental and psychomotor development in 1820 infants at 14 months

of age but did not report on later outcomes.18 Differences in the timing of blood collection

and variation in outcome measures may partly explain the heterogeneity of previous results.
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Even if vitamin D insufficiency during pregnancy has only subtle effects on fetal brain

development, the potential impact at the population level is great because 75% of black

women and 49% of white women have 25(OH)D <50 nmol/L—concentrations that may be

suboptimal1—and differences of a few IQ points are meaningful for long-term educational

outcomes.19 Our objective was to examine associations between maternal 25(OH)D

measured at ≤26 weeks’ gestation or cord blood 25(OH)D and psychologist-assessed global

infant development assessed at eight months of age, IQ and behavior at ages four and seven

years, and achievement at seven years. We carried out this study using data collected as part

of the U.S. Collaborative Perinatal Project (CPP), a large and racially diverse cohort of

pregnant women and their offspring born in 1959–66.

METHODS

Study Population

The CPP enrolled women (55,000 pregnancies) at the first prenatal visit at 12 US sites (1959

–1965).20 Women were followed prospectively through delivery, and their offspring were

followed to age seven. A recent secondary analysis was carried out to study vitamin D and

pregnancy outcomes (see Supporting Information Figure 1). This analysis randomly sampled

3074 pregnancies from the total 28,429 that met the following criteria: singleton gestation;

white, black, or Puerto Rican maternal race/ethnicity; no preexisting diabetes or

hypertension; entry to prenatal care at ≤26 weeks; available stored serum sample collected at

≤26 weeks; and gestational age at delivery of 20–42 weeks. That sample of 3074 was

augmented with all eligible cases of preeclampsia and preterm birth <35 weeks (totaling

n=1370 cases) for a total sample size of 4444.21, 22 Of the 4444 selected, 4371 had maternal

25(OH)D values, 2123 had cord blood 25(OH)D values, and 2050 had both. From these

4444 pregnancies, 4180 offspring lived beyond the neonatal period, but 284 children failed

to participate in any assessments, leaving the final sample of 3896 mother-child dyads with

at least one 25(OH)D value and including a child who participated in at least one

development or behavior assessment at eight months or four or seven years (3825 with

maternal 25(OH)D, 1997 with cord blood, 1926 with both).

Vitamin D

Non-fasting blood samples were collected from mothers at enrollment and every eight

weeks thereafter, and cord blood was collected at delivery. Maternal and cord serum

samples were stored in glass at −20°C with no recorded thaws. From each woman, we

randomly selected one banked serum sample drawn at ≤26 weeks. A DEQAS (Vitamin D

External Quality Assessment Scheme)-proficient laboratory was used to assay the maternal

and cord serum for total 25(OH)D [25(OH)D2 + 25(OH)D3] using liquid-chromatography-

tandem mass spectrometry according to the requirements of the National Institute of

Standards and Technology.23 The intra-assay coefficient of variation was 6.0%. Serum

25(OH)D is extremely stable at −20°C for years and not sensitive to exposure to UV light or

repeated freezing and thawing.24 In a pilot study comparing 25(OH)D in CPP serum with

serum frozen for ≤ two years, we found that 25(OH)D in the CPP samples is unlikely to

show significant degradation.25
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Outcome variables

Child development and behavior was assessed at eight months and four and seven years of

age by trained psychologists during in-person study visits. The measures and time points for

these assessments were chosen by the original CPP investigators to study outcomes

including cerebral palsy and intellectual disability.

Child cognitive development and achievement—The eight-month assessment

included the Bayley Scales of Mental and Motor Development to measure global infant

development.26, 27 IQ was estimated at ages four and seven using the Stanford-Binet

Intelligence Scale and the Wechsler Intelligence Scale for Children (WISC),

respectively.28, 29 The Wide Range Achievement Test (WRAT) was used to measure student

achievement in arithmetic, reading and spelling at age seven.30 We converted raw IQ and

WRAT scores to continuous standard scaled scores based on published norms.28–30

Child behavior—At the conclusion of the lengthy ages four and seven assessments,

psychologists completed a series of standardized behavioral symptom ratings based on child

behavior during the study visit. This rating scheme has been validated in several ways

previously. Teachers rated a sub-sample of CPP children using the same rating system for

the externalizing behaviors. High concordance between psychologist and teacher ratings was

observed.31 The Berkeley Growth Study used a version of these scales and found them to be

reliable (reliability coefficients ranged 0.68–0.90 for the age 7 visit).32

Donatelli et al. previously used these data to identify specific, clinically-relevant problem

behaviors in the CPP cohort. They used principal components analysis to identify behavioral

symptoms that cluster together into specific problem behaviors and developed five scales

(Table 1).33 As per Donatelli et al., we classified children as to whether they exhibited each

component behavior (yes/no) and then each item was summed to generate a score. Also per

Donatelli et al., we formed five binary outcome variables by assigning children scoring

greater than one SD above the mean for the scale as having that behavior problem; children

with lower scores were classified as having no problem in that domain.

Covariates

Interviewers recorded demographic and health information at the first prenatal visit,

including maternal years of education, age, parity (continuous), race/ethnicity (White, Black,

Puerto Rican), marital status (married vs unmarried), and current smoking status at the time

of enrollment (yes or no). Maternal pre-pregnancy body mass index (BMI)(kg/m2) was

calculated from measured height and self-reported weight. Gestational age of the offspring

at delivery was based on last menstrual period. Study site (a proxy for latitude and other

possible subtle differences by city) was recorded for each pregnancy. Dates when blood was

drawn were categorized into months, and trimester of blood draw was calculated from the

date of the last menstrual period. A non-verbal IQ test (Scientific Research Associates) was

administered to a sub-sample of 45% of women when their child was age four.34
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Statistical Analysis

We used both continuous (in 5 nmol/L increments) and categorical measures of 25(OH)D in

the analyses. Categories were set at <25, 25–<50, 50–<75, and ≥75 nmol/L to be relevant to

existing clinical recommendations for vitamin D status. We employed χ2 tests and linear

regression to examine the relationships between measures of 25(OH)D and each covariate.

To explore potential non-linear associations between 25(OH)D (continuous) and each

outcome, we used a published SAS macro for restricted cubic splines to model the

associations.35 For associations found to be linear, we used simple and multivariable linear

and logistic regression. A set of possible confounders was identified a priori based on

previous studies and refined based on relationships we hypothesized to exist with both

exposure and outcomes. Adjusted models included maternal education, age, parity, race,

maternal pre-pregnancy BMI, marital status, smoking, gestational age and month of blood

draw, and study site. In a second set of models we included maternal IQ to explore the

potential for confounding in the sub-sample of those with non-missing maternal IQ. Also,

based on our previous research, we considered preeclampsia and spontaneous preterm birth

to be on the causal path between maternal 25(OH)D and child outcomes.21, 22 However, as

25(OH)D may act both through pregnancy complications as well as through other pathways,

we built a third set of models restricted to term births without preeclampsia. Finally, we built

models including maternal IQ and restricted to term births without preeclampsia. We used

complete case analysis throughout. To assess how children evaluated for outcomes differed

from those who were not evaluated, we used t and χ2 tests to examine whether loss to

follow-up at age 7 was differential by exposures and outcomes at 8 months or 4 years.

Analyses were carried out using SAS 9.3 and STATA 12.36, 37 The study used de-identified,

publicly-available data and was therefore exempt from human subjects review.

RESULTS

The median maternal 25(OH)D was 45 nmol/L (inter-quartile range (IQR)=34); median cord

blood 25(OH)D was 32nmol/L (IQR=28). Maternal and cord blood 25(OH) concentrations

were moderately correlated (Pearson r=0.26, p<0.01); correlations increased as the week of

gestation of the maternal 25(OH)D measurement increased. Maternal blood collection

occurred at a median 21 weeks of pregnancy (IQR=7.3, range 2–26). Standard outcome

scores were distributed as expected with the exception of slightly lower means for all

measures, reflecting the below average socioeconomic circumstances of CPP participants. In

bivariate analyses, maternal 25(OH)D concentration was positively associated with years of

maternal education, maternal age, lower parity, white race, lower pre-pregnancy BMI, being

married, gestational age at delivery, and trimester and month of blood collection, but they

were unassociated with pre-eclampsia (Table 2).

Children who participated at age 7 had Bayley mental scores 0.8-points higher (p=0.03) and

were less likely to show internalizing problems at age 4 (OR=0.63, 95% CI: 0.45, 0.87)

compared to those who were lost to followup by age 7. However, they did not differ on other

outcomes at ages 8 months and 4 years and did not differ on mean 25(OH)D.
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Associations between maternal 25(OH)D and outcomes

For the cognitive development and achievement scales, unadjusted analyses indicated

positive associations between maternal 25(OH)D and IQ at ages four and seven, and

arithmetic, reading, and spelling achievement at age seven (Tables 3, 4). Of the behavior

scales, maternal 25(OH)D concentration was associated only with a lower odds of

internalizing problems at age 4 and only for the highest category of 25(OH)D. Upon

adjustment for maternal education, age, parity, race, maternal BMI, marital status, smoking,

gestational age and month of blood draw, and study site, maternal 25(OH)D concentration

was very modestly associated with child IQ at age 7 and no other outcomes. No associations

were non-linear based on Wald χ2 tests (p<0.05).

We included maternal IQ in models for about one-half the cohort that had non-missing

maternal IQ and observed no associations with the exception of a small negative association

with WRAT Reading (β=−0.16, 95% CI: −0.32, −0.00)(Supplemental Table 1). Maternal IQ

and child IQ were correlated (Pearson r for Stanford-Binet IQ=0.35, p<0.01; for WISC

IQ=0.41, p<0.01). We also built adjusted models that were restricted to term births

unaffected by preeclampsia (both without and with maternal IQ included as a confounder) to

compare to the results in Table 4 to evaluate associations in uncomplicated pregnancies. All

associations were null except for the model including maternal IQ and restricted to term,

non-preeclamptic births where increasing 25(OH)D was associated with a slightly lower

odds of internalizing behaviors (OR=0.95, 95% CI: 0.91, 1.00).

We decided a priori to test two interactions, in the adjusted models in Table 4. First, we

tested the interaction between a variable indicating which trimester blood was drawn and

25(OH)D using an interaction term to explore whether any associations were specific to the

first or second trimester given the conflicting results in prior studies and found no

interaction. Based on our previous work with this cohort which observed an interaction with

race, we tested the interaction between race and 25(OH)D concentrations and observed no

interaction.21

Associations between cord blood 25(OH)D and outcomes

Cord blood 25(OH)D concentration was positively associated with IQ at ages four and seven

and arithmetic, reading, and spelling achievement at age seven, but unassociated with

Bayley scores or behavior scales (Supplemental Tables 2, 3). Adjusted models included

maternal education, age, parity, race, maternal BMI, marital status, smoking, gestational age

and month of blood draw, and study site. Upon adjustment, each 5nmol/L increment

increase in cord blood 25(OH)D was associated with a small increase in WISC scores

(β=0.16, 95% CI: 0.03,0.29); this was most apparent for the highest 25(OH)D category

compared to the lowest (β=2.54, 95% CI: 0.07, 5.01). (Supplemental Table 3). No

associations were non-linear based on Wald χ2 tests (p<0.05). Inclusion of maternal IQ

resulted in a similar result for WISC IQ as in Supplemental Table 3 (Supplemental Table 4).

This association was no longer apparent in models restricted to term pregnancies without

preeclampsia, but a positive association was observed for Bayley motor scores (β=0.09, 95%

CI: 0.01, 0.17).
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COMMENTS

In this large prospective study of maternal and cord blood 25(OH)D concentrations and

offspring cognitive and behavioral outcomes, we observed little indication that maternal or

cord blood 25(OH)D is associated with better outcomes. Effect estimates were greatly

attenuated upon adjustment, which suggests that variation in choice of confounders may

underlie the differences in results across published studies. No associations were

consistently observed across measurement time points (ages 4 and 7). Only WISC IQ was

very modestly associated with both maternal and cord blood 25(OH)D. Results for models

that included maternal IQ and that were restricted to term pregnancies without pre-eclampsia

differed slightly from the previous models, but effect estimates were close to the null and

should be interpreted with caution as they were based on a much reduced sample size. It is

difficult to assess the role of preterm birth or pre-eclampsia in the associations under study

because so many of the effect estimates were near the null before adjustment for those

factors.

Our results contrast one previous study of early childhood global development in that we

observed virtually no association with Bayley scores at 8 months of age, while Morales et al.

recently reported positive associations with Bayley mental and psychomotor scores at 14

months.18 The difference in the age at testing may be one reason for the inconsistent results.

Gale et al. observed no association with IQ at age 9; we consider our results to be generally

consistent with those findings. To our knowledge, ours is the first study to have examined

25(OH)D relative to tests of achievement in children. Our adjusted models indicated

virtually no relationship between 25(OH)D and achievement. We had expected to observe

an association with reading or spelling achievement, given the findings from the Raine

cohort which found low maternal 25(OH)D to be associated with poorer receptive language

ability.17

Our findings for behavioral outcomes were fairly consistent with those of Gale et al. and

Whitehouse et al. which observed no important associations with offspring behavior. Those

studies relied on parent reported behaviors, while the present study used measures from

psychologist assessments. Taken together, there is little evidence for protective effects of

high 25(OH)D in pregnancy for problem behaviors.

In this study maternal 25(OH)D was measured at ≤26 weeks of pregnancy, most similar to

the Raine (18 weeks’ pregnancy) and INMA cohorts (mean=13.5 weeks’ pregnancy) and

contrasting the study by Gale et al. (third trimester).16–18 The most active period of fetal

brain growth and development lies in the third trimester, but the Raine and INMA cohorts’

findings suggest vitamin D may also exert influence on basic structures forming earlier.

While we had access to measures of maternal and fetal vitamin D status from different

points in gestation, our findings do not suggest a possible critical window for exposure.

Because we did not observe clear differences between the results for maternal and cord

blood 25(OH)D, this suggests either may serve as a general, global indicator of vitamin D

status.
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Animal and in vitro studies indicate a wide variety of potential roles for vitamin D in early

brain development including in early neuronal differentiation and protection from

inflammatory factors.38 Based on the findings of previous studies, these functions may have

more direct relevance to cognitive development than for later behavior, although the precise

mechanisms are likely extremely varied and not yet well-characterized.

The size and diversity of the participant sample lend strength to this study. This is the largest

study to date on this topic which permitted greater statistical power to detect subtle

associations than previous studies, and this is the first major study to include a racially and

geographically diverse sample living at U.S. latitudes. Median maternal 25(OH)D was 44

nmol/L in this study, which is lower than the Raine and INMA cohorts and the women in the

study by Gale et al. Thus, over half of the women in this study may be considered vitamin D

deficient, depending on cutpoint.39 This permitted examination of associations across a wide

distribution of vitamin D status, making these results highly applicable to the many women

who remain vitamin D deficient today. A wide array of potentially confounding variables

was available to include in the analysis, including maternal BMI, smoking, and

sociodemographic factors, thereby reducing bias from these factors. Our use of outcome

assessments covering numerous developmental and behavioral domains carried out by

trained psychologists with high reliability is a major strength of the study. Developmental

assessment began at eight months of age which is earlier than previous studies in this area.

Our null findings, even for unadjusted models, for infant development are not surprising

given the often limited sensitivity and predictive value of very early assessment.40 Our

measurement of both maternal and cord blood 25(OH)D using the gold standard method also

adds strength to the study in that it permitted rigorous study of vitamin D exposure in

pregnancy and the neonatal period. There were no differences in 25(OH)D by follow-up

status at age 7. Unless the associations differed between those followed and lost, our results

should not be biased.

The generalizability of our results may be limited because these were data from the 1960’s.

In addition, our results should be considered in light of possible unmeasured confounding by

skin color within the sub-group of black women, as a subtle marker of social class and a

plausible common cause of both vitamin D status and the outcomes under study. Another

limitation is our use of outcome assessments that have been superseded by more

contemporary versions. However, the behavior ratings have been validated against the Child

Behavior Checklist,41 and the cognitive development and achievement measures remain in

use today in later version. Additionally, we carried out multiple comparisons which may

have contributed to our observing a small number of positive, and potentially spurious,

associations. However, we elected not to adjust our confidence intervals for multiple

comparisons per published recommendations.42 Finally, we could not assess vitamin D

status in the children concurrent with the outcome assessments because blood was not

collected after the neonatal period, so we could not evaluate the role of child vitamin D

status on development and behavior.

In the largest study to date on this topic, we observed no meaningful relationships between

neurodevelopment, achievement, or behavior and maternal and cord blood 25(OH)D. Future
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studies that include important covariates like parental IQ and large sample sizes will help

clarify conflicting results reported to date among studies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Selection of Study Participants, U.S. Collaborative Perinatal Project (1959–73)
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Table 1

Behavior Scales and Component Rating Itemsa, U.S. Collaborative Perinatal Project (1959–73)

Age 4 Age 7

Internalizing behaviors Hyperactive behaviors Oppositional Internalizing behaviors Externalizing behaviors

Flat affect Brief attention span Unstable emotional response Shy/withdrawn Negative/resistive

Phlegmatic No or brief effort toward goal Irritable Flat affect Assertive/willful

Passive Overactive Negative/resistive Inactive Hostile

Rigid Impulsive/uncontrolled behavior Demands a lot of attention Little or no
communication

Unstable emotional response

Little or no
communication

Unwilling to follow
directions

Fearful/apprehensive Acts out/becomes upset

Passive Impulsive/uncontrolled behavior

a
Developed by Donatelli et al (28)
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Table 2

Characteristics of Mothers and Children by Categories of Maternal 25(OH)-vitamin D (n=3,825), U.S.

Collaborative Perinatal Project (1959–73)

Categories of maternal 25(OH)-vitamin D (nmol/l)

Category 1
(<25)

Category 2
(25–<50)

Category 3
(50–<75)

Category 4
(≥75)

25(OH)-vitamin D concentration (nmol/l) (mean, SD) 18 (5) 37 (7) 61 (7) 98 (23)

n (%)

Maternal educationa - <12 years 436 (67.9) 950 (60.3) 491 (50.0) 262 (44.9)

  12 years 169 (26.3) 490 (31.1) 349 (35.5) 206 (35.3)

  ≥13 years 37 (5.8) 135 (8.6) 142 (14.5) 115 (19.7)

Maternal agea - <20 215 (33.3) 485 (30.4) 240 (24.0) 128 (21.8)

  20–29 323 (50.2) 855 (53.6) 591 (59.2) 357 (60.9)

  30–34 64 (9.9) 159 (10.0) 111 (11.1) 61 (10.4)

  ≥35 42 (6.5) 97 (6.1) 57 (5.7) 40 (6.8)

Parityb - 0 233 (36.3) 557 (34.9) 386 (38.7) 208 (35.6)

  1 127 (19.8) 367 (23.0) 238 (23.9) 152 (26.0)

  ≥2 282 (43.9) 671 (42.1) 373 (37.4) 225 (38.5)

Race and ethnicitya – Black 481 (74.7) 909 (57.0) 361 (36.1) 152 (25.9)

  White 127 (19.7) 559 (35.0) 569 (57.0) 398 (67.9)

  Puerto Rican 36 (5.6) 128 (8.0) 69 (6.9) 36 (6.1)

Maternal pre-pregnancy BMIb - Underweight (<18.5) 61 (10.1) 180 (11.9) 96 (10.5) 60 (11.0)

  Normal weight (18.5–24.9) 414 (68.4) 1037 (68.3) 676 (73.6) 402 (73.9)

  Overweight (25.0–29.9) 92 (15.2) 226 (14.9) 111 (12.1) 59 (10.9)

  Obese (≥30) 38 (6.3) 76 (5.0) 36 (3.9) 23 (4.2)

Marital status – marrieda 439 (68.2) 1225 (76.8) 835 (83.6) 508 (86.7)

Smoker - yes 323 (50.5) 753 (47.3) 459 (46.2) 252 (43.0)

Gestational age at birtha,c - <32 weeks’ 43 (6.7) 106 (6.6) 53 (5.3) 23 (3.9)

  32–36 192 (29.8) 437 (27.4) 239 (23.9) 139 (23.7)

  37–40 260 (40.4) 619 (38.8) 411 (41.1) 235 (40.1)

  ≥41 149 (23.1) 434 (27.2) 296 (29.6) 189 (32.3)

Trimester of blood collectiona – 1st trimester 88 (13.7) 231 (14.5) 167 (16.7) 67 (11.4)

  2nd trimester 556 (86.3) 1365 (85.5) 832 (83.3) 519 (88.6)

Season of blood collectiona – Winter 215 (33.4) 401 (25.1) 190 (19.0) 79 (13.5)

  Spring 241 (37.4) 432 (27.1) 226 (22.6) 81 (13.8)

  Summer 100 (15.5) 395 (24.8) 295 (29.5) 218 (37.2)

  Fall 88 (13.7) 368 (23.1) 288 (28.8) 208 (35.5)

Maternal pre-eclampsia 108 (16.8) 271 (17.0) 154 (15.4) 98 (16.8)

43 women were missing data for education, 6 for parity, 238 for BMI, 14 for smoking, 4 for pre-eclampsia.

a
χ2 p-value <0.01,
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b
p<0.05

c
median gestational age was 39 weeks (inter-quartile range=5)
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Table 3

Mean (SD) Scores on Cognitive Assessments and the Number (%) of Children with Behavioral Problems by

Categories of Maternal 25(OH)-vitamin D (n=3825), U.S. Collaborative Perinatal Project (1959–73)

Categories of maternal 25(OH)-vitamin D (nmol/l)

Category 1
(<25)

Category 2
(25–<50)

Category 3
(50–<75)

Category 4
(≥75)

mean (SD)

Cognitive Development and Achievement

8 months

Bayley Mental Score 78.1 (8.5) 78.6 (7.6) 79.1 (6.2) 78.7 (7.2)

Bayley Motor Score 32.5 (5.3) 32.4 (5.3) 32.7 (5.1) 32.6 (5.6)

4 years

Stanford-Binet IQa 92.2 (15.8) 95.1 (16.7) 98.7 (17.7) 100.2 (17.6)

7 years

WISC IQ 90.5 (15.0) 94.2 (14.9) 98.3 (14.9) 100.1 (17.0)

WRAT Arithmetic 94.3 (12.1) 95.9 (11.6) 97.3 (11.0) 97.7 (11.1)

WRAT Reading 95.9 (14.7) 98.2 (16.0) 101.1 (17.0) 100.9 (17.1)

WRAT Spelling 93.2 (13.6) 95.5 (13.4) 98.1 (14.2) 98.2 (14.0)

n (%)

Behavior Scales

4 years

Internalizing behaviors 97 (18.6) 248 (19.6) 141 (18.0) 61 (13.2)

Hyperactive behaviors 119 (22.8) 272 (21.5) 147 (18.7) 103 (22.2)

Oppositional 73 (14.0) 178 (14.1) 101 (12.8) 72 (15.4)

7 years

Internalizing behaviors 77 (14.7) 181 (14.0) 119 (14.8) 75 (15.0)

Externalizing behaviors 82 (15.6) 188 (14.6) 125 (15.5) 84 (17.0)
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