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Head circumference at birth and school performance: a
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Cathrine C. Bach'?, Tine B. Henriksen', René T. Larsen’, Kristina Aagaard' and Niels B. Matthiesen'?

BACKGROUND: Early measures of cognitive function are of great public health interest. We aimed to estimate the association
between head circumference at birth, a measure of cerebral size, and school performance.

METHODS: We conducted a nationwide cohort study of all liveborn singletons in Denmark, 1997-2005. The association between
birth head circumference z score and test scores in reading and mathematics from a nationwide mandatory computer-based school
test program (7-16 years) was estimated by multivariable linear regression adjusted for potential confounders.

RESULTS: The cohort included 536,921 children. Compared to normocephalic children, children with microcephaly [<—2 standard
deviations (SD)] had lower mean reading scores: second grade: —0.08 SD (95% Cl —0.10 to —0.06), eighth grade: —0.07 SD (95% ClI
—0.10 to —0.04). Macrocephaly (>+2 SD) was associated with higher scores. In normocephalic children, each SD increase in head
circumference was associated with a 0.03 SD (95% Cl 0.03 to 0.04) increase in mean reading scores. The results were similar across

grades within both reading and mathematics.

CONCLUSION: Prenatal brain growth may be causally related to childhood school performance. The demonstrated differences are
unlikely to be clinically relevant at the individual level but may be important at a public health level.

Pediatric Research (2020) 87:1112-1118; https://doi.org/10.1038/s41390-019-0683-2

INTRODUCTION

Understanding the determinants of childhood cognition and the
factors underlying important abilities such as reading and
mathematics is of great importance to both the individual and
the society. Cognitive function is a result of complex genetic and
environmental influences, and especially environmental factors
may be targets for preventive strategies.'

Measures of prenatal brain growth and development, which are
highly sensitive to a range of environmental factors,” have gained
interest as possible determinants of later cognitive function.>™'®
Head circumference at birth is a widely available proxy measure
reflecting fetal brain growth'’~"° during the period with the most
rapid growth of the developing human brain.?

Large studies have reported associations between small head
circumference at birth and poorer intellectual performance in
young adulthood.>” Some studies found no association in
children between 8 and 10 years,®'® whereas one study found
an association at 4 but not at 8 years."' Another study found an
association with some cognitive abilities, but no association with
others.'”> Other studies reported associations between head
circumference at birth, intelligence,’>' and other measures of
cognitive function in school-aged children.'*'® Many of these
studies were limited by small sample sizes.®'>'* The association
with different aspects of school performance including skills in
reading and mathematics, practical every day measures of
cognitive function, remains widely unexplored.

We conducted a large nationwide, population-based cohort
study to investigate the association between the full range of head
circumference at birth, including head circumference relative to
birth weight, and school performance in reading and mathematics.

METHODS

Study cohort

We identified all live births in Denmark from 1 January 1997 to 31
December 2005 in the Danish Medical Birth Registry.?® In
Denmark, unique personal identification numbers enable linkage
of individual data from mothers and newborns to all nationwide
Danish registries. To be eligible for the study, mothers and infants
had to have valid personal identification numbers. We included
singletons with no diagnoses of major malformations, congenital
syndromes, or teratogenic conditions, with no record of maternal
alcohol exposure during pregnancy, and a gestational age at birth
between 22 and 45 weeks (for details, see Supplementary
Methods and Supplementary Table S1).

Head circumference

Head circumference and gestational age at birth were identified in
the Danish Medical Birth Registry. Occipitofrontal head circumfer-
ence has been measured with a measuring tape and recorded
immediately after birth by the attending midwife for all newborns
since 1997. Based on the present dataset, head circumference z
scores were calculated according to gender and gestational age at
birth and categorized into three groups: microcephaly [<—2 standard
deviations (SD)], normocephaly (—2 SD to 2 SD), and macrocephaly
(>2 SD). Measurements <—5 or >5 SD were considered to be
implausible and set to missing. In 2000, >93% of the recordings of
gestational age at birth were based on ultrasound measurements
during early pregnancy?’ We identified implausible values of
gestational age using a recent United States algorithm?* and
replaced them by estimates based on the last menstrual period if
available. The remaining implausible values were considered missing.
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School performance

In Denmark, school attendance is compulsory for all children
between the ages of 6-7 years and 16 years.”> Approximately 81%
of all children attend public schools free of charge?* As an
individual evaluation tool, a national test program was introduced
in public schools in 2010. The program consists of ten mandatory
tests carried out annually from the second through the eighth
grade (8-15 years). Reading abilities are tested every second year
(second to eighth grade) and mathematic abilities in the third and
sixth grade. The tests are performed online and are adaptive,
using questions of varying difficulty based on the answer to the
previous questions.?

The raw test results are reported on a continuous logit scale.
Descriptive statistics of the distribution of test results by reading/
mathematics, test year, and grade (2010-2012) have been
published.?> In accordance with the previous work> we
calculated standardized mean test scores within each annual test
of reading and mathematics. The test scores were standardized to
a mean of 0 and a standard deviation (SD) of 1. The data were
provided by the National Agency for IT and Learning.?® The use of
the tests has previously been validated.?

Covariates

Covariates were obtained from several nationwide registries,
including the Danish Medical Birth Registry [birth weight, birth
year, sex of the child, parity, plurality, maternal age, smoking
during pregnancy, and pre-pregnancy body mass index (BMI)].
The origin of the child was determined using data from the Danish
Civil Registration System (see Supplementary Methods).?” Infor-
mation on maternal morbidity and medication was obtained from
the Danish National Patient Registry, the Danish National
Prescription Registry, and the Danish Psychiatric Central Registry.
Maternal morbidities were defined in accordance with previous
studies and included chronic hypertension, diabetes mellitus, any
psychiatric disease, and epilepsy treated with antiepileptic drugs
(see Supplementary Methods for further details).>”*° Information
on pre-pregnancy education, income, and parental cohabitation
status was obtained from Statistics Denmark. The educational
level was categorized into seven groups according to the parent
with the highest achieved or ongoing level of education. Income
was calculated as the equivalence weighted disposable income of
the family corrected for inflation according to the Danish
Consumer Price Index.*°

Statistical analyses
The association between head circumference z score at birth and
test scores of either reading or mathematics was analyzed using
crude and adjusted multivariable linear regression, accounting for
clusters of siblings within the mothers using robust standard
errors. In the primary analysis, we estimated the standardized
mean difference in test scores comparing microcephalic and
macrocephalic children at birth to normocephalic children. In a
secondary analysis, we depicted the association between the head
circumference z scores and the absolute standardized mean test
scores using restricted cubic splines. Further, we restricted the
analyses to normocephalic children and estimated the linear
association between head circumference z score and the
standardized test scores. Finally, we calculated the difference
between the head circumference and the birth weight z scores, a
measure of the proportionality of the newborn,?” and estimated
the association with the standardized test scores. Furthermore, in
accordance with previous studies, we also conducted analyses
stratified by preterm birth (<37 weeks). Moreover, for comparison,
we repeated the analyses with birth weight z score as the
independent variable.

Based on knowledge from previous studies, causal diagrams for
observational research were used to identify potential confoun-
ders3! The adjusted model included the following variables: Child:
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sex, birth year (restricted cubic spline), and origin (non-western,
western, Danish); Maternal: smoking (yes/no), nulliparity (yes/no),
age (restricted cubic spline), and pre-pregnancy medical diseases,
including hypertension (yes/no), diabetes mellitus (yes/no), and
psychiatric disorders (yes/no), antiepileptic drug use during
pregnancy (yes/no); Parental: income (restricted cubic spline),
cohabitation status (single/couple), and educational level (seven
categories).

Missing values for head circumference, test scores, and
covariates were handled by multiple imputation. Given the
extensive information on variables predicting missing information
including perinatal and socioeconomic factors as well as
diagnoses of childhood developmental disorders, the assumption
of missing at random was considered fulfilled. The highest
proportion of missing values for any variable was 24% and most
variables had <5% missing values (see Supplementary Methods
and Supplementary Table S2).

We conducted several preplanned sensitivity analyses. To
account for unmeasured family or maternal factors, we conducted
sibling analyses restricting the population to mothers with at least
two children subjected to similar tests. A fixed effects linear mixed
model was applied to assess the association within the siblings.
BMI, a potential confounder, was only recorded since 2004 and
consequently missing in 80% of participants. To assess the impact
of not including maternal BMI, analyses were repeated in
observations with available BMI, adjusting for BMI in addition to
the other covariates in the fully adjusted model. Further, we
conducted sensitivity analyses adjusting for age at testing. To
assess the impact of the applied definition of microcephaly and
macrocephaly, a sensitivity analysis was carried out defining
microcephaly and macrocephaly as <—3 SD and >3 SD,
respectively. Finally, complete case analyses, only including
children with complete data on all covariates, were conducted.

All analyses were conducted on a Statistics Denmark server
using Stata version 14. The study was approved by the Danish
Data Protection Agency (reference 1-16-02-385-16).

RESULTS

The study included 536,921 children born alive in Denmark during
the study period, of which 441,970 (82%) had at least one test result
(see Fig. 1). Overall, 24% of the test results of any test were missing.
Among children with a diagnostic code of developmental delay or
intellectual disability, 55% (second grade) and 49% (eighth grade)
had available test results, whereas 82% (second grade) and 83%
(eighth grade) of children without these diagnoses had available
test results. Supplementary Table S3 lists characteristics of mothers
and infants according to the availability of test results. The
characteristics of the mothers and infants according to the presence
of microcephaly, normocephaly, and macrocephaly are listed in
Table 1. Two hundred and sixty-three thousand five hundred and
fifteen (49%) of the newborns were female. The mean head
circumference at birth was 35.2 cm. According to gestational age,
10,325 children were microcephalic, 13,882 children were macro-
cephalic, and 493,848 were normocephalic.

Microcephaly, macrocephaly, and school performance
After adjustment for potential confounders, the mean difference in
standardized second and eighth grade reading scores for children
born with microcephaly was —0.08 SD (95% confidence interval
(Cl) —0.10 to —0.06) and —0.07 SD (95% Cl —0.10 to —0.04),
respectively, compared to normocephalic children. The mean
differences for macrocephalic children in standardized second
and eighth grade reading scores was 0.06 SD (95% Cl, 0.04 to 0.07)
and 0.05 SD (95% Cl 0.03 to 0.07), respectively. Similar results were
found for the other tests in reading and mathematics (Fig. 2).
The association between all variables included in the model and
the mean difference in second grade reading scores are depicted
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Infants born in denmark between
1 january 1997 and 31 december 2005
No. = 592,520
Excluded (total = 55,599)
- Stillbirths No. = 1265
- Invalid personal identifier No. = 454
>| - Multiple pregnancies No. = 24,851
- Gestational age <22 weeks No. =42
- Malformations/syndromes/teratogenicity No. = 28,987
A 2
Included in the study
No. = 536,921
Fig. 1 Infants included in the study population. Infants with a record of harmful maternal alcohol exposure during pregnancy or a diagnosis

of fetal alcohol syndrome are included in the malformations/syndromes/teratogenicity group.

Gestational age, weeks, median (IQR)
Male sex of the child, no. (%)
Primiparous, no. (%)
Maternal age, years, mean + SD
Maternal smoking (yes), no. (%)
Maternal BMI, median (IQR)
Origin
Western, no. (%)
Non-western, no. (%)
Danish, no. (%)
Maternal disease
Hypertension, no. (%)
Diabetes mellitus, no. (%)
Psychiatric illness, no. (%)
Antiepileptic drugs, no. (%)
Educational level
Lower secondary school or less, no. (%)
Vocational, no. (%)
Post-compulsory, no. (%)
Short higher, no. (%)
Medium-cycle higher, no. (%)
Bachelor’s degree, no. (%)
Master’s degree/researcher, no. (%)
Family disposable income, DKK,
Median (IQR)
Cohabitation status (no), no. (%)

40 + 2 (39-41)
4945 (48%)
6132 (59%)
29.1+5.0

2981 (30%)
22.5 (20.5-25.2)

40+ 1 (39-41)
251,624 (51%)
208,506 (42%)
30.0+4.7
90,611 (19%)
23.0 (20.8-26.0)

Table 1. Baseline characteristics of 536,921 infants born in Denmark 1997-2005 and their mothers by head circumference at birth.
Microcephaly Normocephaly Macrocephaly
Birth characteristics
Birth weight, g, mean +SD 2979+511.1 3550+ 524.7 4212 £535.5
Head circumference, cm, mean = SD 31+£1.1 35+1.5 39+1.0

40 + 2 (39-41)
6807 (49%)
5000 (36%)
30.7+45

1526 (11%)
24.5 (22.0-28.5)

569 (6%)
2001 (19%)
7755 (75%)

122 (1%)
59 (0.6%)
1078 (10%)
51 (0.5%)

1442 (14%)
3684 (36%)
978 (10%)
631 (6%)
1970 (19%)
205 (2%)
1310 (13%)
173,948

(135,701-212,290)

1621 (16%)

28,144 (6%)
66,062 (14%)
399,642 (81%)

749 (5%)
1225 (9%)
11,908 (86%)

6601 (1%) 197 (1%)
5002 (1%) 262 (2%)
48,929 (10%) 1351 (10%)
1675 (0.3%) 41 (0.3%)
46,148 (9%) 962 (7%)

164,525 (34%)
44,106 (9%)

4797 (35%)
1154 (8%)

32,616 (7%) 991 (7%)
111,935 (23%) 3346 (24%)
11,525 (2%) 319 (2%)
79,122 (16%) 2221 (16%)
180,598 183,379

(145,680-217,130)
56,726 (12%)

(152,241-218,703)
1174 (9%)

BMI body mass index, SD standard deviation, IQR interquartile range, DKK Danish Krone (the Danish currency)

in Fig. 3. These associations were similar through the different

grades and across reading and mathematics.

The full range of head circumference and school performance
The association between head circumference z score at birth and
the absolute standardized mean test score is illustrated in Fig. 4

SPRINGERNATURE

using restricted cubic splines after adjustment for potential
confounders. Overall, Fig. 4 indicates that larger head circumfer-
ence is associated with higher mean test scores, although a
tendency toward a decline in the higher end of the head
circumference z score distribution cannot be ruled out, in
particular for math test scores.

Pediatric Research (2020) 87:1112-1118



Subject No. Category
Reading 2 grade 302030  Microcephaly
Macrocephaly
Reading 4 grade 300742  Microcephaly
Macrocephaly
Reading 6 grade 295014  Microcephaly
Macrocephaly
Reading 8 grade 174320  Microcephaly
Macrocephaly
Mathematics 3 grade 300261  Microcephaly
Macrocephaly
Mathematics 6 grade 295014  Microcephaly
Macrocephaly
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Crude (95% Cl)

-0.12 (-0.15, —0.10)
0.08 (0.06, 0.10)
-0.14 (~0.16, -0.12)
0.08 (0.06, 0.10)
-0.13 (-0.15, —0.11)
0.09 (0.08, 0.11)
-0.13 (-0.16, —0.10)
0.10 (0.07, 0.13)
-0.14 (~0.16, —0.12)
0.07 (0.05, 0.09)
-0.15 (-0.17, —0.13)

0.1 (0.08, 0.13)

Adjusted (95% Cl)

-0.08 (~0.10, —0.06)
0.06 (0.04, 0.07)
-0.08 (~0.10, -0.06)
0.05 (0.03, 0.07)
-0.07 (~0.10, -0.05)
0.05 (0.04, 0.07)
-0.07 (-0.10, -0.04)
0.05 (0.03, 0.08)
-0.08 (~0.10, —0.06)
0.05 (0.03, 0.07)
-0.08 (~0.10, -0.06)
0.06 (0.05, 0.08)

T T
-0.1 0 01

Fig. 2 Associations between categories of head circumference z score and mean differences in standardized test scores in reading and
mathematics from the second to the eighth grade in 536,921 children born in Denmark 1997-2005. The comparison group was infants
born with normocephaly. The estimates shown in the figure are adjusted for infant sex, birth year, origin, maternal smoking, parity, age,
maternal diseases, parental income, educational level, and cohabitation status. No. indicates the number of individuals included in the

analyses, Cl confidence interval.

Covariate Adjusted (95% ClI)
Newborn  Nonwestern vs. Danish > —-0.22 (-0.23, -0.20)
Male vs. female * —-0.18 (-0.19, -0.17)
Microcephaly vs. normocephaly - —-0.08 (-0.10, -0.06)
Birthyear 2005 vs. 2000 - 0.03 (0.01, 0.04)
Macrocephaly vs. normocephaly - 0.06 (0.04, 0.07)
Maternal  Nulliparous vs. parous * -0.12 (-0.13, -0.12)
Diabetes vs. no diabetes —— -0.10 (-0.13, -0.07)
Smoking vs. no smoking * -0.09 (-0.10, -0.08)
Antiepileptics vs. no treatment —— —0.06 (-0.11, -0.01)
Hypertension vs. no hypertension — —0.02 (-0.04, 0.00)
Psychiatric history vs. no history » —-0.01 (-0.02, -0.00)
Age 30 vs. 25 years - 0.06 (0.05, 0.08)
Parental Cohabitation vs. no cohabitation < —-0.01 (-0.02, 0.00)
Income 75 vs. 25 percentile * 0.07 (0.06, 0.07)
Education post compulsory vs. lowest < 0.33(0.31,0.34)
Education highest vs. post compulsory + 0.33(0.31,0.34)
I I I I I
-02 -0.1 0 0.1 02 03

Fig. 3 The associations between all variables included in the statistical model and mean differences in standardized test scores in
reading in the second grade in 302,030 children born in Denmark 1997-2005. The estimates of all covariates were mutually adjusted for all

the remaining covariates in the model. Cl confidence interval.

Head circumference and school performance in normocephalic
children

In the normocephalic children, the mean test scores increased
with increasing head circumference after adjustment for potential
confounders (Supplementary Table S4). For reading in the second
and eighth grade, the mean increase in test scores was similar:
0.03 SD (95% Cl, 0.03-0.04) per SD increase in head circumference
z score at birth. Similar results were found for the other tests in
reading and mathematics.

Additional analyses

Head circumference z score at birth minus birth weight z score was
not associated with any difference in standardized test scores

Pediatric Research (2020) 87:1112-1118

(Supplementary Table S5). The results of the sibling analyses were
similar to those of the primary analyses (Supplementary Table S6).
Additional adjustment for BMI or age at testing did not
substantially change the estimates. Using +3 SD as a cut off for
microcephaly and macrocephaly, the associations for microcephaly
were somewhat stronger, whereas the associations for macro-
cephaly remained similar (Supplementary Table S7). Stratified by
preterm birth, the results were similar regarding macrocephalic
children (Supplementary Table S8). In microcephalic children, the
results were similar in the lower grades. However, the mean
difference in standardized eighth grade reading scores for children
born at term was —0.07 SD (95% Cl, —0.10 to —0.04), whereas
the estimate for those born preterm was —0.20 SD (95% (I,
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Reading 2 grade
0.2
0.1
<
Q
@ 0
D
2L
c -0.1
@
s
-0.2
-0.3
-5 -2 0 2 5
Head circumference z score
Reading 6 grade
0.2
0.1

Mean test score
o

Mean test score

-5 -2 0 2 5
Head circumference z score

Mathematics 3 grade

Mean test score

-5 -2 0 2 5
Head circumference z score

Reading 4 grade

Mean test score

-5 -2 0 2 5
Head circumference z score

Reading 8 grade

-5 -2 0 2 5
Head circumference z score

Mathematics 6 grade

Mean test score

-5 -2 0 2 5
Head circumference z score

Fig. 4 The association between head circumference z score and the absolute standardized mean test score in reading and mathematics
from the second to the eighth grade in 536,921 children born in Denmark 1997-2005. Restricted cubic splines adjusted for infant sex, birth
year, origin, maternal smoking, parity, age, disease (diabetes mellitus, antiepileptic drug use during pregnancy, chronic hypertension, and
psychiatric illness), parental income, educational level, and cohabitation status. The grey area depicts the predicted 95% confidence interval.

—0.34 to —0.06) compared to normocephalic children. The same
tendency was found for mathematics. The results of the analyses
using birth weight z score as the independent variable were similar
to the analyses of head circumference z score (Supplementary
Table S9). The results of the complete case analyses were similar to
the main analyses (Supplementary Table S10).

DISCUSSION
In this population-based, nationwide cohort study, head circum-
ference at birth, a measure of prenatal cerebral growth, was
associated with school performance. Overall, microcephaly was
associated with impaired school performance and macrocephaly
was associated with improved school performance, even though a
tendency toward a decline in math test scores in the higher end of
the head circumference z score distribution cannot be ruled out
(Fig. 4). In normocephalic children, larger head circumference was
also associated with higher test scores. Similar results were found
in reading and mathematics, from the second to the eighth grade.
Our findings are in accordance with results from other large
studies investigating the association between head circumference
at birth and measures of intellectual performance in young
adulthood.®>™® These studies were conducted in partly overlapping
cohorts of Swedish male conscripts and reported associations
between small head circumference at birth and poorer intellectual
performance. Furthermore, one of the studies reported

SPRINGERNATURE

increasingly poorer intellectual performance with decreasing head
circumference z score in the lower range of the z score
distribution, but no difference with increasing head circumference
z score in the higher range. This is in line with our results defining
microcephaly and macrocephaly at +3 SD. Accordingly, the degree
of microcephaly at birth may be important for the cognitive
function during childhood, whereas the degree of macrocephaly
may not be of major importance.

Few studies have investigated the association between head
circumference at birth and school performance in children. A
study from Western Australia in government schools among 8-
year-old children showed an association between larger head
circumference at birth and better literacy outcomes.'” Another
study from the United Kingdom found that larger head
circumference at birth was associated with an increased chance
of attaining a college or university degree.>? Most other studies of
the association between head circumference at birth and
cognitive function in school-aged children measured the intelli-
gence quotient (IQ). However, measurements of intelligence and
education are known to be correlated.>® The association between
head circumference at birth and childhood 1Q has been less clear.
Some studies found no association between head circumference
at birth and cognitive function in 8-10-year-old children®'°
However, these studies were likely underpowered to detect the
associations we report. Other larger studies found associations

Pediatric Research (2020) 87:1112-1118



between head circumference at birth and intelligence in 7-9-year-
old children.'>'®

One study investigated whether the association between head
circumference at birth and intelligence at conscription was
modified by preterm birth.> Among preterm infants, the authors
reported a stronger association compared to infants born at term.
In our study, the mean difference in standardized test scores for
microcephalic children compared to normocephalic children was
similar in preterm and term births in the lower grades. However, in
the higher grades, microcephaly was more strongly associated
with poorer school performance in preterm children, potentially
indicating that preterm birth has a more detrimental influence on
cognitive function in children born with measures of impaired
prenatal cerebral growth. Alternatively, this finding may be due to
the fact that children born preterm are smaller than fetuses
remaining in utero at the same gestational age, i.e, microcephaly
in a child born preterm may indicate more severe prenatal
cerebral growth impairment.*

Another study found head circumference at birth to be more
strongly associated with IQ than with birth weight.'* Anthropo-
metric measures at birth are highly correlated, and therefore
accounting for the overall size of the newborn when studying the
impact of head circumference is difficult. We found no association
between the proportionality of the newborn (head circumference
z score minus birth weight z score) and school performance.
Further, we found no clear indications that head circumference z
score was more strongly associated with cognitive function than
with birth weight z score. Thus, based on the available data, we
cannot exclude that the demonstrated associations between
smaller head circumference and lower test scores might be due to
smaller birth size in general.

Observational studies are always prone to unmeasured
confounding. However, in the present study we were able to
adjust for a number of potentially important confounders, and
further, we were able to perform sibling analyses, which hold the
potential to control for time-stable maternal, genetic, environ-
mental, and intrauterine factors. In the sibling analyses, the
estimates remained largely unchanged or were slightly attenu-
ated, in accordance with the findings by Bergvall et al.>® who
found the association between head circumference at birth and
intellectual performance to be only partly explained by social and
familial factors.®

We included a nationwide cohort of all singletons born alive,
minimizing the possibility of selection bias at baseline. However,
the inclusion of live births only may have attenuated our results
due to live birth bias.3> Furthermore, children not attending public
school were by definition lost to follow-up. To minimize the
possibility of bias, missing data and loss to follow-up were
handled by multiple imputation under the assumption of missing
at random.®

Several studies have found head circumference at birth to
correlate highly with brain size,'””"'® and head circumference at
birth is thought to serve as a good proxy of prenatal brain growth.
Generally, head circumference at birth is considered to be an
accurate measure,>’>° but some degree of non-differential
measurement error is likely present.*® The results of reading and
math tests are fully computerized, blinded to the exposure status.
Regarding both head circumference and test outcomes, any
measurement error is unlikely to be differential, and thus any
measurement error would most likely have attenuated our results.
The remaining variables included in the study relied on
combinations of information from several high-quality nationwide
Danish registries. Accordingly, the associations reported in the
present study are unlikely to be explained by confounding,
selection bias, or information bias.

Although head circumference at birth serves as a proxy of
prenatal brain growth, it tells nothing about the timing of the
intrauterine growth of the brain. Future studies should include
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head circumference measurements from different time periods
during pregnancy to study whether specific prenatal periods may
be more critical for later cognitive function.

CONCLUSION

In this large, population-based study, smaller head circumference
was associated with poorer school performance, whereas larger
head circumference was associated with improved school
performance. This association was also seen in normocephalic
children. These associations were present throughout the second
to the eighth grade for both reading and mathematics. No degree
of macrocephaly was found to be associated with poorer school
performance. However, a tendency toward a decline in math test
scores in the higher end of the head circumference z score cannot
be ruled out. Associations between birth weight z score and
cognitive function were similar to those demonstrated for head
circumference z score.

Our results suggest that prenatal brain growth may be related
to intellectual abilities, although only relatively small effect sizes
were found. The association between head circumference z score
at birth and school performance is unlikely to be clinically
relevant. However, a cause of even small shifts in the intelligence
distribution of the general population may be of overall public
health concern.
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