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Abstract
The aim of this study is to understand the association between prenatal, newborn and postnatal head circumference (HC) 
and preschool neurodevelopment in a large population-based birth cohort. The INMA project followed 1795 children from 
12 weeks of pregnancy to preschool years. HC measurements were carried out prospectively, and following a standardized 
protocol during pregnancy (12, 20 and 34 weeks), birth, and child ages of 1–1.5 and 4 years old; and z-scores were further 
estimated. Prenatal head growth was assessed using conditional z-scores between weeks 12–20 and 20–34. Several neu-
ropsychological tests [MSCA (cognition), CPT (attention)] and behavioral rating scales [DSM-IV-ADHD, CAST (autism), 
CPSCS (social competence)] were carried out during the last follow-up (5 years old). Multivariable models adjusted for 
family and child characteristics were applied to analyze associations between HC and neurodevelopment. In fully adjusted 
models, prenatal HC and head growth showed little or no associations with the neurodevelopment outcomes. Independent 
associations were observed between HC z-scores at birth, 1–1.5 years and 4 years and MSCA global cognitive scores and 
DSM-IV inattention symptoms. Specifically, z-score at birth was positively associated with general cognitive scores [β 1.22, 
95% confidence interval (CI) 0.59, 1.85], and we observed a protective association with ADHD-DSM-IV total symptoms, 
mean ratio (MR) 0.85 (0.75, 0.96). Prenatal HC and head growth measurements gave little information about child cognitive 
abilities and behavior at preschool years. However, HC at birth and early childhood was positively associated with a range 
of neuropsychological outcomes, including protective associations with ADHD symptoms.
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CI	� Confidence interval
CPT	� Conner’s kiddie continuous perfor-

mance test
CPSCS	� California preschool social competence 

scale
CBCL	� Child behavior check list
DSM-IV-ADHD	� Attention-deficit/hyperactivity disorder 

criteria of the diagnostic and statistical 
manual of mental disorders, fourth edi-
tion form list

ELBW	� Extremely low birth weight
FDR	� False discovery rate
HC	� Head Circumference
INMA	� Infancia y medio ambiente [environ-

ment and childhood]
SD	� Standard deviation
MSCA	� McCarthy scales of children’s abilities
MR	� Mean ratio

Introduction

A growing body of evidence supports an association 
between general physical development and more specifi-
cally, head growth, with neuropsychological and behavioral 
development [1–9]. Head circumference (HC) has been con-
sidered a good indicator of intracranial volume as well as of 
cognitive development [3, 10]. Newer studies have focused 
on repeated HC measurements, as they are better predic-
tors of head growth trajectories, and consequently, could be 
better determinants of neuropsychological and behavioral 
development [11, 12].

However, not all studies have observed a positive associa-
tion between HC and neuropsychological development [13, 
14]. A large number of individual and environmental factors 
could potentially confound the association between these 
two developmental indicators [14]. These factors include 
the infant’s immediate environment such as breastfeeding 
duration, a proxy of maternal Intelligence Quotient (IQ), 
and parental education, socioeconomic status and mental 
health [1, 3, 5, 13–17].

To our knowledge, previous studies with both positive 
and null associations between HC and neurodevelopment 
outcomes have been mainly based on specific child popula-
tions with particular neuropsychiatric difficulties, prematu-
rity or abnormal head growth [14]. Evidence of an asso-
ciation between head growth and neurodevelopment within 
the general population would be of greater public health 
relevance and has greater external validity.

Although several previous studies have linked fetus and 
brain development and physical development with ADHD 
[18–21], one of the most common neuropsychiatric out-
comes with adverse consequences for the child’s school life 

[22], few have investigated the association between HC and 
ADHD symptoms and results have been mixed [23–26]. Sta-
this found no significant association between HC and head 
growth velocity during the first 2 years of life of 87 ELBW 
babies and ADHD at school age [23], Heinonen found, with 
a larger population (n = 893), that smaller HC from birth 
to 56 months was related to higher ADHD symptoms [24]; 
another similar study also found a protective association 
between HC and ADHD symptoms [25]; and a recent birth 
cohort study (n = 3749) with prenatal growth parameters, 
including birth HC measurements, found no overall associa-
tion with ADHD symptoms, only when they stratified the 
analyses by child sex, females showed that smaller HC was 
positively associated with CBCL attention problems [26].

In contrast, there is a relatively large literature regarding 
the association between HC and autism spectrum disorder 
(ASD), in particular with macrocephaly and growth rate dur-
ing early childhood [27–29]. However, recent results plead 
to caution since evidence is mixed with null associations 
[30]. Therefore, further research is still needed to understand 
the link between HC and ASD.

We previously reported no association between longitu-
dinal measurements of intrauterine HC and cognitive and 
motor outcomes measured at 14 months using the Bayley 
Scales of Mental Development in a population-based birth 
cohort [14]. One possible explanation for this finding is the 
relatively short follow-up period, given the rapid increase of 
the intracranial volume during the first 2 years of life [31] 
as well as head circumference growth throughout childhood 
[32]. Building on this previous work, we investigated the 
association between repeated measurements of HC (from 
12 weeks of gestational age to 4 years) and preschoolers’ 
cognitive and social competences, ADHD and autism spec-
trum symptoms in a large population-based cohort with 
extensive data on potential confounders.

Methods

Study design and population

This study was based on four cohorts with prenatal, new-
born and postnatal HC data (Asturias, Gipuzcoa, Sabadell 
and Valencia) of the larger INMA Project (Infancia y Medio 
Ambiente [environment and childhood]). The INMA Project 
was established between 2004 and 2008. Subject recruit-
ment and follow-up procedures have been reported in detail 
elsewhere [33]. Briefly, mothers were considered eligible for 
inclusion if they were residents in the cohort area, at least 
16 years old, were carrying a singleton pregnancy and were 
planning to give birth at the reference hospital. Mothers who 
had participated in an assisted fertility program and those 
with communication difficulties were excluded. A total of 



379European Child & Adolescent Psychiatry (2019) 28:377–388	

1 3

2644 eligible pregnant women agreed to participate in the 
study. Women were monitored during pregnancy and their 
children enrolled at birth and followed-up until preschool 
years. After excluding women who withdrew, were lost to 
follow-up, or underwent abortions or fetal deaths, a total of 
2506 pregnant women were monitored until delivery. The 

study sample included 1877 children with data on at least 
one HC measurement and neurodevelopment outcome at 
5 years, and the population for analyses with all the covari-
ates were 1795 (Fig. 1). Both preterm (n = 66) and term chil-
dren were included. As previously reported, women–child 
pairs who were excluded from the analysis due to lost to 

Fig. 1   Flowchart of participants 
included in the study Pregnant women at 12 weeks of pregnancy

N=2616

A:494, G:638, S:657, V:827

Pregnant women at 34 weeks of pregnancy

N=2525

NA:485, NG:618, NS:628, NV:794

N=91 excluded due to

miscarriage (39), foetal

death (5), withdrew (46), 

and lost to FU (1)

Newborns at delivery

N=2506

NA:485, NG:612, NS:622, NV:787

N=19 excluded due to

foetal death (5), and 

withdrew (14)

Children followed-up to 1-1.5 years

N=2365

NA:475, NG:599, NS:583, NV:708

N=141 excluded due to

death (12), withdrew

(110), and lost to FU (19)

Children followed-up to 5 years

N=2034

NA:453, NG:510, NS:515, NV:556

N=331 excluded due to

withdrew (249), and lost

to FU (75) and other (7)

PRE-NATAL HC 

MEASUREMENTS

N=2444

POST-NATAL HC 

MEASUREMENTS

At birth: N=2419

At 1-1.5 years: N=2062

At 4 years: N=1300†

NEURODEVELOPMENTAL 

MEASURES 

N=1877 (at least one

outcome available)

N: Number of observations, NX : Number of observations by sub-cohort, where X = A: Astúrias, G: Gipuzkoa, S: Sabadell, 

and V: Valencia; FU: follow-up

† Not available for Valencia sub-cohort

Population for analysis
N=1795

NA:380, NG:419, NS:468, NV:528

N=239 excluded due to

missing data on outcome, 

exposure or main

covariates
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follow-up had a slightly lower maternal age at birth, ges-
tational age, and social class, and a higher parity and for-
eign origin prevalence [14]. All women provided written 
informed consent prior to participating in the study and the 
research protocol was approved by the ethics committees of 
the centers involved in the study.

Head circumference

Ultrasound scans (Voluson 730 Pro and 730 Expert; Siemens 
Sienna) were scheduled at 12, 20, and 34 weeks of gestation 
and performed by obstetricians specialized in conducting 
these types of examinations at the respective hospitals. Addi-
tionally, we had access to the records of any other ultrasound 
scan performed on women during their pregnancy, which 
allowed us to obtain from two to eight valid ultrasounds 
per woman between 7 and 42 weeks of gestation. An early 
crown–rump length (CRL) measurement was used for preg-
nancy dating. Gestational age was established using CRL 
when the difference with the age based on the self-reported 
last menstrual period was ≥ 7 days. Women with a difference 
of > 3 weeks (n = 18) were excluded to avoid a possible bias. 
After several training sessions, we conducted a quality con-
trol study with the sonographers involved in the assessments 
to determine inter-observer reliability. Intra-class correlation 
coefficients [34] between the examiners were in the range of 
0.80–0.91 and coefficients of variation were lower than 5%. 
Infant HC at birth was assessed by a nurse when the new-
born arrived at the hospital ward within the first 12 h of life. 
HC measurements at 1–1.5 and 4 years of age were carried 
out by trained fieldwork nurses. All newborn and postnatal 
HC measurements were maximum fronto-occipital circum-
ference using a flexible tape following a standardized proto-
col with no inter-observer reliability measurements required 
due to a low degree of task complexity.

Prenatal HC

We used linear mixed models [35] to obtain growth curves 
for each parameter in each cohort separately. Models were 
adjusted for factors known to affect fetal growth: maternal 
age, height, parity, country of origin (as proxy of ethnic-
ity), pre-pregnancy weight, father’s height, and fetal sex. In 
accordance with these customized models, we calculated 
unconditional z-scores at 12, 20, and 34 weeks of gestation 
and conditional z-scores for 12–20 and 20–34 weeks of ges-
tation based on the INMA study population as referent. An 
unconditional z-score describes the value of the parameter 
for a specific gestational age, while the conditional z-scores 
(conditioned on the value measured at the previous gesta-
tional age) describe the growth experienced in the respective 
time interval [36–38]. To reduce random error due to small 
deviations from the scheduled exam times, we calculated 

z-scores using the predicted value (by the corresponding 
fetal curve) at this particular time point conditioned to the 
nearest measure. More detailed information is in Online 
Appendix 1 and published elsewhere [14, 36].

Newborn and postnatal HC

Head circumference for gestational age z-scores at birth 
was based on the International Fetal and Newborn Growth 
Consortium for the twenty-first Century (INTERGROWTH-
21st) standard [39]. For head circumferences at age 1–1.5 
and 4 years, z-scores were based on the World Health Organ-
ization (WHO) Child Growth Standards [40]. We analyzed 
z-scores for head circumference based on child age and sex.

Neuropsychological and behavioral measures

Neuropsychological development was assessed at a mean 
age of 4.9 (SD 0.6) years using a battery of different psy-
chometrical scales and computer-based tests. The McCa-
rthy Scales of Children’s Abilities (MCSA) [41] was used 
to evaluate cognitive and psychomotor development. The 
California Preschool Social Competence Scale (CPSCS) 
was used for assessment of child’s social competence [42]. 
The childhood autism spectrum test (CAST) [43] was used 
to quantify autism spectrum symptoms in children (ASC); 
each point represents one symptom of ASC [44]. The form 
list of attention-deficit/hyperactivity disorder criteria of the 
diagnostic and statistical manual of mental disorders fourth 
edition (ADHD-DSM-IV) [45] was used for identification of 
inattention and hyperactivity/impulsivity symptoms, which 
is as valid for ADHD diagnosis in children from 2 to 5 years 
of age as it is in older children [16, 46]. Finally, the Conner’s 
kiddie continuous performance test (K-CPT) [47], a comput-
erized test was used to evaluate attention function, reaction 
time, accuracy and impulse control. Measures on K-CPT 
include: omission errors in which a target stimulus is pre-
sented, but the child fails to respond to it; commission errors 
in which the child responds to a non-target stimulus; and Hit 
Reaction Time Standard Error (HRT-SE) which corresponds 
to the variation in time of latency before a response, a meas-
ure of distractibility. These K-CPT variables have all been 
correlated to ADHD symptoms and have been repeatedly 
used for ADHD research [48].

A common protocol was followed for evaluation [16]. 
Trained psychologists supervised all the psychometrical 
assessments. MSCA and K-CPT were performed by chil-
dren with the supervision of four trained psychologists (one 
per cohort) who also administered the CAST questionnaire 
to the child’s parents to increase the CAST score accuracy. 
ADHD-DSM-IV and CPSCS were teacher-rated (for details 
on all tests and rating scales see Online Appendix 2).



381European Child & Adolescent Psychiatry (2019) 28:377–388	

1 3

Statistical analysis

All outcome scores were treated as continuous variables, 
to improve statistical power compared to dichotomized 
outcomes [49]. The association between HC measure-
ments and neurodevelopment outcomes was fitted with 
multivariable linear regression models (quantitative out-
comes) and negative binomial regression models (semi-
quantitative outcomes: CPT omissions and commissions; 
ADHD-DSM-IV and CAST scores). The use of negative 
binomial regression models aimed to account for over-
dispersion of the data, and results were shown as mean 
ratios (MR) which should be interpreted as relative risks. 
Results were presented as coefficients (β) or mean ratios 
(MR) with corresponding 95% confidence intervals (CI). 
First, models were adjusted for child’s age at neurode-
velopment test assessment (minimally adjusted models). 
Second, following a previous study [14], models were 
additionally adjusted for maternal age at birth, body mass 
index based on measured height at recruitment and pre-
pregnancy self-reported weight, smoking during preg-
nancy (no versus yes), parity, country of birth (Spanish 
versus foreign), social class (occupation during pregnancy 
based on the highest social class using a widely used Span-
ish adaptation of the international ISCO88 coding system; 
I–II, managers/technicians; III, skilled; IV–V, semiskilled/
unskilled) and education (primary or less, secondary, uni-
versity degree); paternal body mass index and country of 
birth; child’s sex and child’s gestational age (fully adjusted 
models). MCSA scores were also adjusted for quality of 
the test performance flagged by the psychologist (good 
versus not-so-good). Examiners identified children whose 
tests were of good quality and of poor quality (e.g., due 
to fatigue, illness, etc.). The further exclusion of children 
with poor quality examinations (n = 87) did not change 

the final results (data not shown); we, therefore, included 
them in the analysis, adjusting for a binary indicator of 
exam quality.

In further sensitivity analyses, final HC models were 
repeated adding adjustments for: maternal verbal IQ proxy 
(WAIS-IV similarities subtest) [50] and mental health 
(SCL-R-90) [51]; child breastfeeding duration adjustment; 
and excluding children born preterm. We further analyzed 
differences in HC between participants and other members 
of the INMA cohort who did not participate, checked for 
potential interactions by child sex and included false dis-
covery p value corrections (FDR) due to multiple statistical 
test comparisons.

Separate models were applied to each cohort and com-
bined estimates were calculated with a fixed effects meta-
analysis. We assessed heterogeneity in the estimates using 
the Cochran Q test and the I-squared statistic (I2). Random 
effects model was used if I2 > 50%.

Results

The study sample included 868 female and 913 male chil-
dren; the mean gestational age was 39.67 (SD 1.41) weeks 
and there were 66 preterm infants. Complete details of the 
study sample characteristics are given in Table S1. Mean 
prenatal HC at 12, 20 and 34 weeks was 71.90 (SD 6.37) 
mm, 172.43 (SD 8.06) mm and 305.93 (SD 11.00) mm, 
respectively. Mean HC was 34.34 (SD 1.4) cm at birth, 
47.15 (SD 1.67) cm at 1–1.5 years, and 51.07 (SD 1.50) cm 
at 4 years of age (Table 1). There were no HC differences 
between included and excluded participants of the study 
(Table S2).

In general, we found moderate (greater than 0.4) correla-
tions between birth and postnatal measurements and high 

Table 1   Prenatal, newborn and postnatal head circumference (HC) [mean (standard deviation)] by sub-cohort location

NA not applicable

Asturias Gipuzkoa Sabadell Valencia Total
n = 380 n = 419 n = 468 n = 528 n = 1795

Prenatal
 HC at week 12 (mm) 76.67 (2.57) 71.14 (6.30) 71.78 (6.71) 69.19 (6.14) 71.90 (6.37)
 HC at week 20 (mm) 174.58 (7.17) 171.41 (6.99) 175.46 (8.42) 169.02 (7.62) 172.43 (8.06)
 HC at week 34 (mm) 308.64 (11.14) 303.53 (11.24) 310.01 (9.38) 302.27 (10.34) 305.93 (11.00)

Newborn and postnatal
 HC at birth (cm) 34.27 (1.47) 34.75 (1.34) 34.26 (1.22) 34.14 (1.47) 34.34 (1.40)
 HC-for-gestational age z-score at birth 0.34 (1.14) 0.67 (1.03) 0.28 (0.94) 0.22 (1.11) 0.36 (1.07)
 HC at 1 year of age (cm) 48.42 (1.71) 47.26 (1.70) 47.09 (1.41) 46.42 (1.39) 47.15 (1.67)
 HC-for-age z-score at 1 year 1.03 (1.19) 0.88 (1.19) 0.70 (0.94) 0.71 (0.93) 0.80 (1.05)
 HC at 4 years of age (cm) 51.34 (1.51) 50.98 (1.46) 50.93 (1.49) NA 51.07 (1.50)
 HC-for-age z-score at 4 years 0.88 (0.97) 0.65 (0.97) 0.60 (0.96) NA 0.70 (0.97)
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correlations (greater than 0.7) between postnatal HC meas-
urements at 1–1.5 and 4 years of age. Regarding prenatal 
HC, correlations between measurements generally decreased 
with increasing time between measurements (Table 2).

Most of the results from minimally and fully adjusted 
regression models showed no statistically significant asso-
ciations between prenatal HC and neurodevelopment out-
comes, except for some inconsistent associations with 
z-score of fetal size at 12th and 20th week and fetal growth 
at 12–20 weeks (Table 3, Table S3). Specifically in the fully 
adjusted models, the larger the 12th week HC, the lower the 
child scored at the MCSA quantitative subscale [(β − 0.72, 
95% CI − 1.42, − 0.02) points per each HC z-score above 
the HC median of the norm sample) as well as being a slight 
adverse factor for omissions committed on the K-CPT test 
(MR 1.06, 95% CI 1.01, 1.10). However, fetal growth at 
12–20 weeks showed some protective associations with 
ADHD scores and MCSA perceptive-performance subscale. 
None of the prenatal data seemed to show any association 
with the child scores of social competence, as measured with 
CPSCS, and autism spectrum symptoms, as measured with 
CAST.

However, results from minimally and fully adjusted 
regression models showed positive associations between 
newborn and postnatal HC measurements (birth 1–1.5 years 
and 4 years) and cognitive outcomes at preschool years 
taken from the MSCA test (Table 4, Table S4). Specifically, 
MSCA global cognitive scale, perceptive-performance sub-
scale, quantitative subscale and executive subscale were 
associated with newborn and postnatal HC measurements. 
No association was found between the verbal subscale and 
HC measurements at any of the follow-ups.

Larger newborn and postnatal HC were protective 
for ADHD symptom (Table 4). HC at birth was associ-
ated with lower scores of both total symptoms (MR 0.85, 
95% CI 0.75; 0.96) and inattention symptoms (MR 0.80, 
95% CI 0.70; 0.92); and HC at 1–1.5 years was associ-
ated with lower inattention symptoms (MR 0.80, 95% CI 
0.69; 0.94). Further, results from fully adjusted regres-
sion models showed no associations between newborn 
and postnatal HC and CPSCS global score, CAST global 
score and the K-CPT test outcomes (Table 4). However, 
minimally adjusted regression models showed some sig-
nificant, protective associations with CPSCS, CAST and 
CPT-commission outcomes (Table S4).

Similar results for prenatal, newborn and postnatal HC 
were observed when preterm births (< 37 weeks) were 
excluded from final models (Tables S5 and S6). Results 
were similar in sensitivity analyses between newborn and 
postnatal HC and neurodevelopment adjusting for mater-
nal IQ proxy and mental health (Table S7), and child 
breastfeeding duration (Table S8).

To correct for multiple statistical comparisons, false 
discovery corrected p values (FDR) are shown in Table S9 
and Table S10; and the main findings on newborn HC 
measurement remained significantly associated with 
MSCA and ADHD outcomes.

No interactions between HC and neurodevelopment by 
sex were detected in most of the models (Tables S11 and 
S12), except for a few attention-related and CAST out-
comes, in which males tended to show higher scorings and 
stronger associations; however, none of the interaction p 
values passed FDR corrections (data not shown).

Table 2   Spearman correlation 
coefficients between head 
circumference measurements 
according to age and sub-cohort 
location

*p value < 0.05

Head circumference measure-
ments

Spearman correlation

Asturias Gipuzkoa Sabadell Valencia All

Week 12 Week 20 0.733* 0.542* 0.434* 0.486* 0.510*
Week 34 0.387* 0.202* 0.190* 0.236* 0.275*
Birth 0.308* 0.058 0.077 − 0.012 0.061*
1 year 0.514* 0.049 0.040 0.121* 0.250*
4 years 0.435* 0.089 0.019 NA 0.154*

Week 20 Week 34 0.347* 0.426* 0.268* 0.379* 0.419*
Birth 0.330* 0.187* 0.164* 0.150* 0.191*
1 year 0.421* 0.248* 0.169* 0.250* 0.313*
4 years 0.354* 0.238* 0.151* NA 0.237*

Week 34 Birth 0.488* 0.454* 0.457* 0.404* 0.406*
1 year 0.402* 0.394* 0.357* 0.417* 0.407*
4 years 0.407* 0.380* 0.278* NA 0.339*

Birth 1 year 0.432* 0.413* 0.515* 0.433* 0.413*
4 years 0.409* 0.433* 0.503* NA 0.432*

1 year 4 years 0.728* 0.725* 0.821* NA 0.760*
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Discussion

Our results from a population-based birth cohort indicate 
that prenatal head growth was not associated with children’s 
neurodevelopment assessed at preschool age. On the other 
hand, newborn and postnatal HC measurements taken lon-
gitudinally from birth to 4 years were positively associated 
with the global cognitive scale of MSCA test, particularly 
perceptive, quantitative and executive function subscales, 
but not with the verbal subscale. The study revealed other 
interesting associations between newborn and postnatal HC 
measurements and ADHD symptoms. For example, our 
results suggest that children with larger HC, particularly at 
birth, were less likely to be given high scores on inattention 
symptoms.

In a previous study with this sample with shorter fol-
low-up, Álamo-Junqueras’s and colleagues reported no 

association between prenatal HC and head growth with 
neurodevelopment at the age of 1–1.5 years assessed with 
the BSID’s mental and psychomotor scores [14]. Álamo-
Junquera et al. [14]. hypothesized that the lack of associa-
tion could have been due to a possible lack of sensitivity 
to assess complex functional changes at the early age of 
1–1.5 years (time of the neuropsychological assessment). 
We extended longitudinal follow-up with neuropsychologi-
cal assessment at age 5; however, our results were similar 
to those of Álamo-Junqueras’s et al. In general, there are 
very few studies with prenatal HC data and even less with 
a population-representative sample. The majority of those 
studies failed to find an association [1, 52, 53]. Whitehouse 
et al. found no relation between occipito-frontal HC meas-
ured using ultrasonography at 18 weeks of gestation and 
language neurodevelopment [52]. In 2009, a study with 41 
children with spina bifida also concluded that prenatal HC 

Table 3   Associations and 95% confidence intervals between fetal head circumference and neurodevelopment at 5 years of age

Coefficient (β linear regression model) or mean ratio (MR negative binomial regression model) and 95% CI for a HC SD (z-score) increase esti-
mated by meta-analysis by cohort
Models adjusted for child’s sex and age at neurodevelopment test assessment, maternal smoking during pregnancy, education and social class; 
and paternal country of birth. Cohort-specific covariates also included: maternal age, body mass index, parity, and country of birth, and paternal 
body mass index (INMA-Asturias); maternal body mass index, parity (INMA-Gipuzkoa); maternal country of birth (INMA-Sabadell); maternal 
country of birth, parity, paternal body mass index (INMA-Valencia)
MCSA McCarthy Scales of Children’s Abilities, CPSCS California Preschool Social Competence Scale, K-CPT Conners’ kiddie continuous per-
formance test, CAST childhood autism spectrum test, HRT hit reaction time, SE standard error
*P value of estimated coefficient from meta-analysis was < 0.05
† Random effects models was used (I2 statistic > 50%)

Unconditional z-scores at Conditional z-scores between

Week 12 Week 20 Week 34 12–20 weeks 20–34 weeks

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

MCSA global cognitive 
scale

− 0.42 (− 1.08; 0.25) 0.24 (− 0.41; 0.89) 0.25 (− 0.38; 0.88) 0.45 (− 0.20; 1.10) 0.22 (− 0.41; 0.85)

MCSA verbal subscale − 0.53 (− 1.23; 0.17) − 0.19 (− 0.88; 0.50) 0.10 (− 0.56; 0.77) 0.04 (− 0.65; 0.72) 0.16 (− 0.50; 0.83)
MCSA perceptive-perfor-

mance subscale
0.06 (− 0.62; 0.74) 0.66 (0.00; 1.32) 0.32 (− 0.32; 0.96) 0.68* (0.02; 1.34) 0.18 (− 0.46; 0.82)

MCSA quantitative 
subscale

− 0.72* (− 1.42; − 0.02) 0.21 (− 0.48; 0.90) 0.43† (− 0.76; 1.61) 0.61 (− 0.08; 1.29) 0.44† (− 0.71; 1.59)

MCSA executive function − 0.61 (− 1.29; 0.07) 0.09 (− 0.58; 0.76) 0.42† (− 0.52; 1.35) 0.41 (− 0.26; 1.07) 0.45† (− 0.51; 1.41)
CPSCS global score − 0.79 (− 1.69; 0.11) 0.37 (− 0.47; 1.21) 0.50 (− 0.30; 1.31) 1.17† (− 0.38; 2.73) 0.42 (− 0.38; 1.22)
K-CPT HRT 0.54 (− 5.96; 7.03) 0.02 (− 6.77; 6.82) − 0.30 (− 6.97; 6.37) − 0.19 (− 6.95; 6.58) − 0.46 (− 7.17; 6.25)
K-CPT HRT-SE 0.33 (− 0.43; 1.08) 0.15 (− 0.61; 0.91) − 0.24 (− 0.98; 0.51) − 0.02 (− 0.78; 0.74) − 0.07† (− 1.19; 1.05)

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

K-CPT omissions 1.06* (1.01; 1.10) 0.98 (0.94; 1.02) 0.98 (0.94; 1.02) 0.95* (0.91; 0.99) 0.98 (0.94; 1.03)
K-CPT commissions 0.98 (0.95; 1.01) 0.99 (0.96; 1.02) 1.01 (0.98; 1.04) 1.00 (0.97; 1.03) 1.01 (0.98; 1.04)
ADHD-DSM-IV total 

symptoms
1.14 (1.00; 1.30) 0.94 (0.83; 1.06) 0.92 (0.81; 1.04) 0.87* (0.77; 0.99) 0.92 (0.81; 1.05)

 Inattention symptoms 1.18 (0.99; 1.39) 0.92 (0.80; 1.07) 0.91 (0.78; 1.06) 0.84* (0.72; 0.98) 0.92 (0.79; 1.07)
 Hyperactivity/impulsivity 

symptoms
1.14 (0.99; 1.32) 0.94† (0.77; 1.16) 0.94 (0.82; 1.08) 0.89 (0.78; 1.02) 0.94 (0.82; 1.08)

CAST global score 1.03† (0.98; 1.07) 1.00 (0.97; 1.02) 1.00 (0.97; 1.02)  0.99 (0.96; 1.01) 1.00 (0.97; 1.02)
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was not a good predictor of mental and motor function at 
the age of 5 years [53], and Walker et al. only found a small 
association between ultrasound measurements of HC at 
14 weeks of gestational age and reasoning ability measured 
with the Raven’s test at the age of 6–8 years [1].

Our results for newborn and postnatal HC and cognitive 
development are consistent with several previous studies. 
Heinonen et al. reported an association between prenatal 
growth (based on measurements of body size at birth) and 
postnatal body size, including HC, with individual cogni-
tive differences in a Finnish population-based cohort [2]. 
Similar findings were reported in a recent meta-analysis by 
Harris [3]. Veena et al. observed a similar pattern to ours, 
where verbal skills were not affected by HC at birth while 
perceptive performance was affected [4]. However, several 
other studies have reported an association between HC and 
verbal abilities [5, 6]. Verbal skills should be further inves-
tigated since it seems that they have a different trajectory of 
development than perceptual skills. In particular, Raikkonen 
and Pesonen observed critical periods specific for verbal 
development, between the ages of 2 and 7 years [7]. These 

findings suggest the complexity of the relationship between 
the brain, development and cognitive abilities. This idea is 
supported by neuroimaging studies that correlate brain struc-
ture with function, and which have identified different brain 
regions relating differently to high function cognitive abili-
ties [54]. From this, it is understandable that other factors 
should be considered other than total brain size. However, 
from a general population point of view, these results further 
support the idea of HC measurements as inexpensive and 
non-invasive health indicators that can be used to screen 
children at potential risk of non-optimal neurodevelopment.

In relation to ADHD symptoms, results are in accord-
ance with the majority of previous studies that observed that 
smaller body size, weight and HC at birth were associated 
with an increase of child ADHD symptoms at preschool and 
school ages [24, 25, 55, 56]. Lahti et al. found that HC was a 
stronger predictor of hyperactivity and inattention symptoms 
than birth weight [25]. Similarly, Murray et al. observed an 
association between larger HC at birth and lower attention 
difficulties, but only in female children [26]. Also, Heinon-
en’s subsample of term, normal birth weight healthy babies, 

Table 4   Associations and 95% confidence intervals between newborn and postnatal head circumference and neurodevelopment at 5 years of age

Coefficient (β linear regression model) or mean ratio (MR negative binomial regression model) and 95% CI for a HC SD (z-score) increase esti-
mated by meta-analysis by cohort
Models adjusted for maternal age at birth, body mass index, smoking during pregnancy, parity, country of birth, social class and education; 
paternal body mass index and country of birth; and child’s sex, gestational age (except z-score at birth), and age at neurodevelopment test assess-
ment
MCSA McCarthy Scales of Children’s Abilities, CPSCS California Preschool Social Competence Scale, K-CPT Conners’ kiddie continuous per-
formance test, CAST childhood autism spectrum test, HRT hit reaction time, SE standard error
*p value of estimated coefficients from meta-analysis was < 0.05
† Random effects models was used (I2 statistic > 50%)

Head circumference z-scores at

Birth 1–1.5 years 4 years

β (95% CI) β (95% CI) β (95% CI)

MCSA global cognitive scale 1.22* (0.59; 1.85) 1.13*† (0.10; 2.15) 0.95* (0.15; 1.75)
MCSA verbal subscale 0.70† (− 0.38; 1.77) 0.73† (− 0.52; 1.98) 0.51 (− 0.35; 1.36)
MCSA perceptive-performance subscale 1.20* (0.55; 1.84) 1.11* (0.46; 1.77) 1.08* (0.26; 1.90)
MCSA quantitative subscale 0.96* (0.28; 1.63) 0.97* (0.28; 1.66) 0.91* (0.06; 1.76)
MCSA Executive function 1.14* (0.48; 1.79) 1.07† (− 0.10; 2.25) 0.90* (0.07; 1.72)
CPSCS global score 0.80 (− 0.02; 1.62) 0.83 (− 0.02; 1.67) 1.55† (− 0.23; 3.33)
K-CPT HRT − 1.08 (− 7.65; 5.49) − 1.04 (− 8.21; 6.12) 1.78 (− 9.73; 13.29)
K-CPT HRT-SE − 0.31 (− 1.05; 0.44) − 0.56 (− 1.37; 0.25) − 0.67 (− 1.85; 0.51)

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

K-CPT omissions 0.97 (0.93; 1.02) 0.98 (0.94; 1.03) 0.98 (0.93; 1.04)
K-CPT commissions 1.00 (0.98; 1.03) 0.98 (0.95; 1.01) 0.96 (0.92; 1.00)
ADHD-DSM-IV total symptoms 0.85* (0.75; 0.96) 0.88 (0.77; 1.01) 0.82† (0.59; 1.14)
 Inattention symptoms 0.80* (0.70; 0.92) 0.80* (0.69; 0.94) 0.78† (0.56; 1.10)
 Hyperactivity/impulsivity symptoms 0.90 (0.79; 1.04) 0.89† (0.68; 1.17) 0.85† (0.59; 1.23)

CAST global score 0.98 (0.96; 1.01) 1.00 (0.97; 1.02) 1.00 (0.96; 1.03)
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reported that HC was a better predictor of ADHD symptoms 
rated by their parents at the age of 56 months, than other 
measurements such as birth length, BMI growth between 
20 and 56 months or the relative BMI at 56 months [24]. 
Additionally, there are studies that reported relationships 
between small brain volume and ADHD symptoms [18]. 
In accordance with our results, Portellano [57] suggested 
that HC was a determinant of inattention symptoms, but 
not of hyperactivity–impulsivity symptoms. The results in 
our study were significant only for the inattention symp-
toms while hyperactivity–impulsivity symptoms were not 
associated with any prenatal, newborn and postnatal HC 
measurements. This finding requires further confirmation, 
but supports the idea of anatomical distinctions between 
hyperactivity–impulsivity and inattention symptom disor-
ders [57]. Previous studies regarding ADHD were mostly 
conducted within clinical populations; therefore, our study 
contributes to the literature by associating HC and ADHD 
symptoms following a symptom dimensional method and by 
being a large population-based sample.

Early life head overgrowth has been suggested to be 
linked to autism spectrum disorders [27–29]; however, 
present findings did not support this hypothesis since no 
significant patterns were detected in CAST scores in the 
fully adjusted regression models. This is probably due to 
the healthy characteristics of the children studied, since they 
tended to show low CAST symptom scorings, as expected. 
However, our findings are in accordance with a recent 
case–control study that reported no associations between 
early life HC measurements and autism spectrum disorders 
[30].

The study results support the concept of prenatal fetal 
programming and long-term health consequences com-
mented in the developmental origins of health and disease 
hypothesis (DOHaD) [58]. Early life brain growth may be 
indicative of brain programming and maturation with poten-
tial long-term functional consequences. To support this theo-
retical framework, we assume that newborn HC measure-
ments indicate late prenatal growth [10], and the fact they 
were important predictors of later child neurodevelopment 
in the multivariable statistical analyses.

Control for selected confounding variables, which have 
previously been proven to be important factors of prenatal 
and postnatal neurodevelopment, was a significant element 
of this study, which adjusted for maternal smoking during 
pregnancy [59], maternal IQ proxy and mental health [14], 
and parental social class and education [15], among others. 
First, in concordance to the former study, maternal educa-
tion, social class and age at birth, smoking during preg-
nancy, parental BMI and country of birth, as well as par-
ity, did not change results significantly. Second, the study 
overcame a limitation pin pointed in the antecedent study, 
and the role of maternal IQ proxy and mental health was 

explored. Once again, the results showed that the adjust-
ment did not change findings. This supports the existing 
association between HC and individual differences in early 
neurodevelopment, as well as the proposition of making 
newborn and postnatal HC a valid routine measurement.

This longitudinal study recruited families during the 
first trimester of pregnancy and started collecting data by 
trained professionals with validated tools to assess anthro-
pometrical, environmental, behavioral and cognitive vari-
ables. To our knowledge, this is one of the very few studies 
that have used actual prenatal HC measurements instead of 
estimated data from preterm births or growth charts. The 
majority of studies estimate fetal growth and fetal possible 
adversities through measurements of size at birth, includ-
ing HC [10, 14, 60], therefore, the possible uncertainties 
due to a lack of intrauterine data have been minimized 
with this longitudinal cohort study with recruited women 
during early pregnancy.

Our study has several strengths already commented, 
such as the prenatal, newborn and postnatal prospective 
design and standardized methods used for HC and neu-
rodevelopment measurements, data on a wide range of 
potential confounders, and a large population-based sam-
ple. Nonetheless, limitations to the study should be noted. 
There was some loss to follow-up, which was slightly 
biased toward less socially advantageous families. This 
could potentially reduce the external validity of the find-
ings, but probably not internal validity. Finally, we had 
no information on parental HC, possibly a better predic-
tor of child HC than parental BMI, to adjust for potential 
residual confounding due to genetics.

Neuropsychological research historically focused on neu-
rodegenerative disorders, brain injury and rehabilitation; in 
the last two decades, research has started focusing on the 
early development of neuropsychology and its impact on 
actual abilities, behavior and difficulties. Modern technology 
allows for a better understanding of the relationship between 
brain development and volume with early neurodevelopment 
outcomes [61]. Several studies support that an easy, non-
invasive and inexpensive measurement such as HC is a good 
predictor of brain volume, especially during childhood [62]. 
Evidence supporting the use of these measurements as valid 
indicators of neuropsychological and neuropsychiatric func-
tioning could increase the feasibility of conducting studies 
in low-income countries where there is a high rate of low 
birth weight babies and lower HC due to poverty and mal-
nutrition [4].

Our findings support the usefulness of HC as a newborn 
and postnatal measurement tool to assess possible subopti-
mal neurodevelopment in young children from the general 
population. Specifically, we observe that larger HC is associ-
ated with an improved cognitive function and lower ADHD 
symptoms.
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