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Abstract

Background: Preterm birth is associated with lower neurocognitive performance.
However, whether children’s neurodevelopment improves with longer gestations within
the full-term range (37-41weeks) is unclear. Given the high rate of obstetric intervention
in the USA, it is critical to determine whether long-term outcomes differ for children de-
livered at each week of term.

Methods: This secondary analysis included 39 199 live-born singleton children of women
who were admitted to the hospital in spontaneous labour from the US Collaborative
Perinatal Project (1959-76). At each week of term gestation, we evaluated development
at 8 months using the Bayley Scales of Infant Development, 4 years using the Stanford—
Binet IQ (SBIQ) domains and 7 years using the Wechsler Intelligence Scales for Children
(WISC) and Wide-Range Achievement Tests (WRAT).

Results: Children’s neurocognitive performance improved with each week of gestation
from 37 weeks, peaking at 40 or 41weeks. Relative to those delivered at 40 weeks, chil-
dren had lower neurocognitive scores at 37 and 38weeks for all assessments except
SBIQ and WISC Performance 1Q. Children delivered at 39 weeks had lower Bayley Mental
(f=—1.18; confidence interval —1.77, —0.58) and Psychomotor (= —1.18; confidence in-
terval —1.90, —0.46) scores. Results were similar for within-family analyses comparing
siblings, with the addition of lower WRAT scores at 39 weeks.
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Conclusions: The improvement in development scores across assessment periods indi-
cates that each week up to 40 or 41 weeks of gestation is important for short- and long-
term cognitive development, suggesting 40-41weeks may be the ideal delivery window

for optimal neurodevelopmental outcomes.
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Key Messages

vs 37-38 weeks of gestation).

accounting for potential errors in gestational dating.

* Previous studies show that children’s neurocognition improves when delivered in the late vs early term period (39-41

Little is known about children’s long-term neurocognition when delivered at each week of term gestation.

* Using data from the US Collaborative Perinatal Project, in assessments at 8 months, 4years and 7 years, children’s
neurocognitive development peaked when delivered at 40 or 41 weeks.

* Results remained consistent when adjusting for potential confounders, including within-family effects and when

Introduction

Being born preterm is associated with lower neurocogni-
tive performance. This association holds for children who
are born extremely or very preterm, but also for children
delivered in the late preterm period between 34 and
36 weeks, who carry an elevated risk for cognitive delay.’
Development of the cerebral cortex continues into the term
period, so longer gestation confers an advantage for brain
development. Because brain development continues
through the weeks that encompass term and late-term de-
livery (37-41 weeks of gestation),” researchers have begun
to evaluate the cognitive development of children delivered
between 37 and 41 weeks. However, most studies group
term births into a large heterogeneous reference group.®™'*
Only one study has evaluated differences by individual
week of term delivery, finding that longer gestation
through to 41 weeks was associated with higher develop-
ment scores, although that study was limited by its small
sample size and only evaluated outcomes through to
12 months of age.'® No other study has evaluated differen-
ces in the cognitive development of children born at each
successive week of gestation within the range of term deliv-
ery and none has considered cognitive development at mul-
tiple follow-up points in childhood.

Given the high rate of obstetric interventions during
pregnancy in the USA and a recent practice advisory from
the American College of Obstetricians and Gynecologists
supporting elective induction at 39 weeks of gestation even
in low-risk pregnancies,'” the question of whether longer

gestation is better for children born at term has significant

implications for obstetric practice. Understanding differen-
ces in development by week is also critical to assist in clini-
cal decision-making, as the decision on when to deliver is
made on a week-by-week basis. Accordingly, we examined
differences in the neurocognitive development of children
from infancy through to early childhood who were born at
37,38, 39, 40, 41 and >42 weeks of gestation.

Methods

The Collaborative Perinatal Project (CPP) was a US pro-
spective cohort study that recruited pregnant women from
12 clinical centres between 1959 and 1966.'® Of the
46 021 women enrolled, there were 59 391 pregnancies,
with ~54 902 live births. Children were followed to age
8 years, receiving detailed assessments of neurocognitive
development, general health and physical growth. The
study has been described in detail elsewhere.'® For this
study, we included all live-born singletons (z=353 647),
excluding children delivered prior to 37 weeks of gestation
(n=8844), women who were admitted for delivery not in
spontaneous labour (7 =5134) and infants who died prior
to the 8-month assessment (7 =470), leaving a final ana-
lytic sample of 39 199 children.

Gestational age

Women were interviewed at enrolment, where they
reported their last menstrual period (LMP), which was
used to determine gestational age (GA) at delivery. GA was
defined by 1-week intervals of 37 (i.e. included 37 weeks
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0days through to 37 weeks 6 days), 38, 39, 40, 41 and
42+ (combined 42-45 weeks).

Neurocognitive outcomes

Children underwent detailed neurocognitive assessments
by trained clinicians at ages 8 months, 4 years and 7 years.
All examinations followed a standardized protocol with
extensive quality-control procedures. Assessments adminis-
tered were reliable and validated within the age groups
tested and are currently in use in updated forms for con-
temporary developmental testing.'® To assess infant devel-
opment, CPP psychologists administered the Bayley Scales
of Infant Development Mental and Psychomotor exams at
8 months. Bayley raw scores were age-standardized. As
part of the assessment, psychologists could assign a rating
of ‘normal’, ‘suspect’ or ‘abnormal’. We dichotomized
results for both Bayley Scales into ‘normal’ or ‘suspect/
abnormal’ for binary analyses.

At 4vyears, clinicians administered the Stanford-Binet
IQ (SBIQ) test. At 7 years, psychologists administered the
Wechsler Intelligence Scale for Children (WISC) and Wide-
Range Achievement Test (WRAT). We used results from
the WISC Full Scale IQ, Verbal 1Q, Performance 1Q, as
well as WRAT Reading, Spelling, and Arithmetic as pri-
mary outcomes for age 7 years. All developmental assess-
ments were normalized, such that a score of 100 equates to
average. Children who scored <85 (one standard deviation
below the mean) on any of the 4- or 7-year assessments
were classified as having below-average intelligence or
achievement.

Covariates

During the enrolment interview, women provided their age
(years), parity (0, 1, 2, 3+ children) and marital status (sin-
gle, married/living with partner or divorced/widowed/sepa-
rated). They also reported information on their and the
father’s educational attainment, occupational status and
household income that were used to derive the socio-eco-
nomic index of the CPP (0-1, 2-3.9, 4-5.9, 6-7.9, 8-9.9),
which is interpreted as a percentile score of socio-economic
status.'” Smoking was assessed at enrolment and each pre-
natal visit as to whether they ever smoked in this preg-
nancy (yes or no) and the number of cigarettes smoked per
day (1-5, 6-10, 11-20, >20). For this analysis, we com-
bined these into an ever smoke during pregnancy category
(yes or no). Additionally, information to diagnose hyper-
tensive diseases of pregnancy (gestational hypertension and
pre-eclampsia) was abstracted from medical charts.
Gestational hypertension was defined as at least two ele-
vated blood-pressure readings across prenatal care visits

(systolic >140 or diastolic >90mmHg) at or after
20 weeks of gestation or a report of gestational hyperten-
sion in the delivery summary. Pre-eclampsia was defined as
gestational hypertension with proteinuria, headache or vi-
sual disturbances within 1week of delivery or pulmonary
oedema.

Child sex and race were reported by clinicians during
child neurocognitive assessments. The site at which partici-
pants were enrolled was also included as a covariate for
analyses.

Analysis

Descriptive statistics for each covariate were calculated to
compare participants across each week of GA at delivery
using chi-squared tests for categorical variables and
Kruskal-Wallis tests for continuous variables. Because
some participants did not attend all three assessment visits,
some assessments were missing at 8 months (n=6291),
4years (n=10 100) and 7 years (n=9168). To account for
potential selection bias due to missing assessments, we cal-
culated stabilized inverse-probability weights (IPWs) for
each age-grouping of outcomes to account for the condi-
tional probability of having completed the assessment.
Estimates using these weights can be interpreted as the as-
sociation between GA at delivery and neurocognitive out-
comes that would have been observed if all children had
completed the assessment for the specified age (8 months,
4 years or 7years). We used all covariates described previ-
ously in the calculation of weights and all analyses were
weighted by calculated IPW. Delivery at 40 weeks was the
reference group for all analyses.

To test the association between GA at delivery and each
continuous neurocognitive score, we fit unadjusted and ad-
justed generalized linear models. Because some women in
the CPP had multiple children, we used generalized esti-
mating equations to account for sibling clusters. Using
these regression models, we calculated adjusted means for
each outcome across weeks of GA at delivery. We also per-
formed a within-family analysis to partially account for he-
reditary factors and other unmeasured variables that
would cluster among families. In analyses that included
only siblings, we fit linear mixed models with a random in-
tercept by maternal ID to estimate within-family differen-
ces in outcomes, adjusting for factors that would differ
between siblings—birth order and sex. Maternal smoking
and hypertensive diseases may change between pregnancies
but were similar between siblings in this sample.

Additionally, we calculated the relative risk (RR) of
scoring suspect or abnormal on the Bayley Scales or below
average (<85) on all other assessments by fitting log-linear
models assuming a Poisson distribution. For these models,



International Journal of Epidemiology, 2021, Vol. 50, No. 6

1817

we also accounted for sibling clusters using generalized es-
timating equations.

Sensitivity analyses

To test the robustness of our results in consideration of us-
ing LMP to estimate GA in the absence of ultrasound dat-
ing information, we conducted a sensitivity analysis to
account for the error in recall in self-reported LMP. We
simulated data with errors in recall from a symmetric dis-

8)20,2]

tribution standard deviation =

Details of the

(mean=1,
strained between 36.5 and 43.5 weeks.
simulation are given in the Supplementary Methods, avail-

con-

able as Supplementary data at IJE online. In an additional

sensitivity analysis, we repeated the main analyses among
a subsample of women (n =37 497) excluding those with
gestational hypertension, pre-eclampsia or gestational dia-
betes, as these conditions may influence placental suffi-
ciency and subsequent neurocognitive outcomes.

Role of the funding source

The funding source for this work had no influence on the
collection, analysis or interpretation of the data, nor did it
influence the writing of the report or decision on where to
submit the paper for publication.

Table 1. Maternal and child characteristics by gestational age at delivery, Collaborative Perinatal Project (n=39 199)

Gestational age at delivery (weeks)

Full sample® 37 38 39 40 41 42+
Total [1 (%)] 39199 3028 (7.7) 5570 (14.2)  8705(22.2) 9370 (23.9) 6104 (15.6) 6422 (16.4)
Maternal characteristics
Age [mean (SD)] 24.1(5.9) 23.7 (6.2) 24.1(5.9) 24.2 (5.9) 24.2 (5.8) 24.0(5.9) 23.8(5.9)
Socio-economic index (7 (%)]
0-1.9 2802 (7.4) 290 (9.9) 436 (8.1) 619 (7.3) 576 (6.3) 384 (6.5) 497 (8.0)
2-3.9 11838 (31.1) 1080(36.9) 1770(32.7) 2544 (30.1) 2634 (28.8) 1666 (28.1) 2144 (34.6)
4-5.9 11 839 (31.1) 945 (32.2) 1740 (32.2)  2640(31.2) 2823(30.9) 1776 (30.0) 1915 (30.9)
6-7.9 7609 (19.9) 425 (14.5) 1007 (18.6) 1744 (20.6) 1978 (21.7) 1346 (22.7) 1109 (17.9)
8-9.9 3979 (10.5) 191 (6.5) 456 (8.4) 915 (10.8) 1122 (12.3) 756 (12.8) 539 (8.7)
Parity [n (%)]
0 12278 (31.7) 922 (30.9) 1672 (30.3) 2648 (30.7) 2985(32.1) 2043(33.8) 2008 (31.7)
1 8913 (23.0) 661 (22.1) 1280 (23.2) 2042 (23.7) 2191 (23.6) 1385 (22.9) 1354 (21.4)
2 6188 (15.9) 491 (16.4) 900 (16.3) 1423 (16.5) 1430 (15.4) 918 (15.2) 1026 (16.2)
3+ 11415 (29.4) 913 (30.6) 1666 (30.2) 2508 (29.1) 2682 (28.9) 1697 (28.1) 1949 (30.8)
Marital status [z (%)]
Single 5652 (14.4) 556 (18.4) 894 (16.1) 1202 (13.8) 1236 (13.2) 805 (13.2) 959 (14.9)
Married/living with partner 30405 (77.6) 2222 (73.4) 4241 (76.1) 6873 (79.0) 7438 (79.4) 4818(78.9) 4813 (75.0)
Divorced, widowed, 3142 (8.0) 250(8.3) 435 (7.8) 630 (7.2) 696 (7.4) 481(7.9) 650 (10.1)
separated
Ever smoked this pregnancy 23526 (60.7)  1752(58.7)  3293(59.7) 5130(59.5) 5696 (61.4) 3720(61.8) 3935 (62.2)
[ (%)]
Gestational hypertension [n 708 (1.8) 44 (1.5) 94 (1.7) 125 (1.4) 188 (2.0) 134 (2.2) 123 (1.9)
(%)]
Pre-eclampsia [7 (%)] 940 (2.4) 81 (2.7) 162 (2.9) 189 (2.2) 221 (2.4) 129 (2.1) 158 (2.5)
Child characteristics
Sex, male [n (%)] 19 444 (49.6) 1408 (46.5) 2689 (48.3) 4276 (49.1) 4657 (49.7) 3205 (52.5) 3209 (50.0)
Race/ethnicity [1 (%)]
White 18 628 (47.5) 1010(33.4) 2104 (37.8) 3222 (42.4) 4931(52.6) 3433(56.2) 3205 (49.9)
Black 17 557 (44.8)  1747(57.7) 3050 (54.8) 3834 (50.4) 3792(40.5) 2225(36.5) 2652 (41.3)
Asian 196 (0.5) 13 (0.4) 45 (0.8) 49 (0.6) 39(0.4) 30(0.5) 20 (0.3)
Puerto Rican 2508 (6.4) 231 (7.6) 294 (6.7) 559 (6.4) 529 (5.7) 361 (5.9) 490 (7.6)
Other 309 (0.8) 27(0.9) 33(0.8) 61(0.7) 78 (0.8) 55(0.9) 55(0.9)

?Liveborn singletons born at 37+ weeks, admitted to hospital in spontaneous labour, excluding infant death <8 months.
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Figure 1. Adjusted mean scores for 8-month (n=32 908) (A), 4-year (n=29 099) (B) and 7-year (n=230 031) (C) assessments by gestational age at de-
livery. Scores represent the population mean for each week of gestation, calculated from main analytic models (linear models with generalized esti-
mating equations for sibling clusters), adjusted for maternal age, socio-economic index, tobacco use, parity, pre-eclampsia, gestational hypertension,
child race and study site. WISC, Wechsler Intelligence Scales for Children; WRAT, Wide-Range Achievement Test.

Results

Demographic and other characteristics of the full sample
can be viewed in Table 1. The sample primarily consisted
of married (77.6%), multiparous women (68.3%) with a
mean age of 24 years (SD = 5.9). The majority of their chil-
dren were identified as White (47.5%) or Black (44.8%),
with a small percentage from Asian, Puerto Rican or other
race/ethnic groups. There were differences across GA
groups for all covariates except pre-eclampsia.

Children’s neurocognitive test scores increased with
each week of gestation from 37 weeks through to 40 or
41 weeks and declined in the post-term period (42+ weeks)
(Figure 1). In main adjusted analyses where delivery at
40 weeks was the reference group across all outcomes, at
8 months, there were linear decreasing trends in the scores
on both Bayley Scales from 37 to 39 weeks (Table 2), with
improvements in scores for delivery at 41 weeks for Mental
[8=0.70; 95% confidence interval (CI) 0.02, 1.37] and
Psychomotor (f=1.11; 95% CI 0.31, 1.91) development.
Similar linear patterns were observed for 4- and 7-year

assessments, though scores were highest at 40 weeks. At
the 7-year assessment, children delivered at 38 weeks had
lower WISC verbal (f=—0.75; CI —1.43, —0.06) and Full
Scale IQ (f=—-0.83; CI: —1.54, —0.13), as well as lower
WRAT Spelling (f=-0.83; CI —1.45, —0.20), Reading
(f=-1.14; CI —1.91, —0.37) and Arithmetic (= —0.78;
CI —1.37, —0.20) scores. In within-family models re-
stricted to siblings, results were similar to main analyses in
terms of magnitude, direction and significance, though
there were many additional deficits observed in the post-
term period (42+ weeks) (Table 3). Compared with their
siblings born at 40weeks, in addition to lower scores
across all outcomes for 37 and 38 weeks, children born at
39 weeks had lower SBIQ (f=-1.13; CI -2.01, —0.25)
scores and lower scores on WRAT Spelling (= —0.75; CI
—1.46, —0.05), Reading (f=—1.12; CI —1.96, —0.28) and
Arithmetic (f=—0.68; CI —1.31, —0.05) tests.

In analyses of below-average and suspect/abnormal neu-
rodevelopment, children delivered at 37 and 38 weeks had
higher risks of having below-average scores on almost all
assessment times (Table 4). Those

domains across
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Table 4. Adjusted relative risk of scoring below average or suspect/abnormal on neurocognitive assessments according to ges-

tational week at delivery

37 38 39 40 41 42+
8-month Bayley Mental 1.67 (1.34,2.08) 1.37(1.13,1.66) 1.05(0.88,1.27) [Reference] 0.98 (0.79,1.21) 0.86 (0.69, 1.07)
Bayley Psychomotor 1.81(1.43,2.29) 1.56(1.28,1.91) 1.17(0.96,1.42) [Reference] 0.97(0.77,1.21) 0.94 (0.75,1.18)
4-year  SBIQ 1.19 (1.05,1.36) 1.02(0.91,1.14) 1.01(0.91,1.12) [Reference] 1.06 (0.94,1.19) 1.01 (0.90, 1.13)
7-year  WISC: VIQ 1.12 (1.01,1.25) 1.07(0.97,1.17) 1.02(0.93,1.11) [Reference] 1.04(0.94,1.15) 1.06 (0.96,1.16)
WISC: PIQ 1.16 (1.01,1.33) 1.13(1.01,1.27) 0.98(0.87,1.10) [Reference] 1.06 (0.94,1.20) 1.11 (0.98,1.25)
WISC: FSIQ 1.21(1.08,1.35) 1.12(1.01,1.24) 1.03(0.94, 1.14) [Reference] 1.10(0.99,1.22) 1.11 (1.00, 1.22)
WRAT: Spelling 1.31(1.15,1.48) 1.14(1.02,1.28) 1.00(0.90,1.12) [Reference] 1.11(0.99,1.24) 1.05 (0.94,1.18)
Reading 1.26 (1.08,1.48) 1.10(0.95,1.27) 1.09(0.96,1.24) [Reference] 1.13(0.98,1.30) 1.05(0.92,1.21)
Arithmetic 1.15(0.99,1.34) 1.15(1.01,1.31) 1.08 (0.97,1.27) [Reference] 1.11(0.97,1.27) 1.16(1.02,1.32)

Results of log-linear models assuming a Poisson distribution and robust standard error with generalized estimating equations for sibling clusters, adjusted for

maternal age, socio-economic index, tobacco use, parity, pre-eclampsia, gestational hypertension, child race and study site, presented as RR; 95% confidence in-
terval. FSIQ, Full Scale IQ; PIQ, performance IQ; SBIQ, Stanford-Binet Intelligence (IQ) test; VIQ, verbal IQ; WISC, Wechsler Intelligence Scales for Children;

WRAT, Wide-Range Achievement Test.

delivered at 38 weeks had a higher risk of being classified
as suspect or abnormal on either Bayley Mental
(RR=1.37; CI 1.13, 1.66) and Psychomotor (RR =1.56;
CI 1.28, 1.91) and higher risk of scoring below average on
WISC Full Scale IQ (RR=1.12; CI 1.01, 1.24) and WRAT
Spelling (RR=1.14; CI 1.02, 1.28) and Arithmetic
(RR =1.15; CI 1.01, 1.31) tests.

Sensitivity analyses

Sensitivity analyses that took into account potential error
in dating from LMP validated findings. The error-adjusted
simulated GA weeks analysis demonstrated the same pat-
tern of increasing average Bayley Mental and Psychomotor
scores with each weekly increase in GA at delivery from 37
to 40 weeks, with an inflection point and improvement at
41 weeks. We observed a similar pattern of low scores,
with notable results for WISC: FSIQ (= —1.78; CI —2.77,
—0.79) and all WRAT scores at 37 weeks (Table 5). There
were no appreciable differences in estimates from analyses
excluding women with gestational hypertension, pre-
eclampsia or gestational diabetes.

Discussion

In a large, diverse US study with child follow-up through
to age 7 years, children’s neurocognitive development im-
proved with each week of GA at delivery up to 40 or
41 weeks. These associations were strongest for 8-month
Bayley assessments and 7-year WRAT results, but were
also consistent for other assessments conducted at 4 and
7 years of age. The pattern of developmental improvement
through to 40 weeks remained when evaluating the risk of
scoring suspect/abnormal or below average on develop-
mental tests and when evaluating within-family effects,

which accounted for unmeasured maternal or familial
characteristics that would remain constant between sib-
lings. The implications of our findings are that neurocogni-
tive weekly gains continue into the term period, with
optimal long-term neurocognitive outcomes conferred to
children delivered past 39 weeks of gestation. Our findings
are particularly salient in light of a recent practice advisory
the

Gynecologists supporting elective induction at 39 weeks vs

from American College of Obstetricians and
waiting for spontaneous labour (expectant manage-
ment).'” This advisory was informed by the results of the
ARRIVE trial, which found no differences in severe perina-
tal morbidity and mortality between women induced at
39 weeks and those who were expectantly managed up un-
til 42 weeks 2 days (median delivery 40.0 weeks).**

Our study is novel in that we evaluated each week of
term individually, which is more clinically relevant than
grouping weeks together given that clinicians make deci-
sions about when to deliver pregnancies on a weekly ba-
sis.”> Only three other studies have been conducted in the
USA to assess neurodevelopment and all grouped delivery
weeks at term together, limiting clinical application.’*” In
a recent study, Werner et al. evaluated differences in off-
spring school achievement of women who were induced at
39 or 40 weeks compared with those who were expectantly
managed beyond those time periods and found no elevated
risk for poor school performance at 8years between
groups.”* Though our 39-week estimates lacked precision,
we found a slight cognitive disadvantage for children born
at 39 vs 40weeks. This slight discrepancy may be
explained by a few factors; in the Werner study, the refer-
ence group was heterogeneous, grouping outcomes across
women who delivered any time after 39 weeks, 6 days in-
stead of weekly comparisons as with our study. As ob-

served in the results of ours and prior studies,'*?
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simulation scenarios. Additionally, the mean difference be-
tween LMP and ultrasound is generally 1-2 days,?**! with
the largest discrepancies associated with maternal demo-
graphic factors.** Our results were consistent across sibling
analyses, where errors in LMP may be more consistent
within children of the same mother than error across the
full sample because of maternal demographic characteris-
tics that may be consistent between pregnancies. However,
despite this limitation, the main advantage of using the
CPP is in terms of the size of the pregnancy cohort and
length of follow-up time for offspring, which has contin-
ued into adulthood for some sites of original data collec-
tion.”* Additionally, given the high rate of obstetric
intervention in contemporary practice, it may be challeng-
ing to fully account for the indications of intervention in a
modern study, which may contribute to both earlier GA at
delivery (vs spontaneous labour) and long-term outcomes.
To contextualize the importance of this point, in the CPP,
the rates of caesarean delivery and induction of labour
were 5.3% and 6.3%, respectively. Though reliable sur-
veillance of obstetric intervention did not begin in the USA
until the 1970s, the prevalence of interventions observed in
our data is consistent with US estimates from the earliest
years of reported data. Specifically, the rate of caesarean
delivery in the USA was 5.5% in 1970%° compared with
31.7% in 2019°¢ and the rate of induction of labour was
7-9% in 1990°7*% compared with 29.4% in 2019.°

We did not have information on alcohol use during
pregnancy, which may be an important confounder.
However, assuming consistent use between pregnancies,
this factor should be accounted for in within-family analy-
ses. Another limitation to our study is that some children
were not assessed at all three time points, which could in-
troduce attrition-related bias. However, the demographics
of those available for all three assessments (7 =24 363)
and those with missing data for any assessment were nearly
identical (data not shown). We also utilized inverse-
probability weighting to account for missing data at any
given assessment point.

Conclusions

Neurocognitive development improved with every week of
gestation beyond 37 weeks through to 40 or 41 weeks. Our
findings, in conjunction with evidence that brain develop-
. . . . 26_28 . .
ment continues with advancing gestation, highlight
the importance of considering long-term outcomes in
decision-making for non-medically indicated deliveries.
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