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Background: Postnatal brain growth is an important predictor of neurodevelopmental
outcome in preterm infants. A new reliable proxy for brain volume is cranial volume, which
can be measured routinely by 3-D laser scanning. The aim of this study was to develop
reference charts for normal cranial volume in newborn infants at different gestational ages
starting from late preterm for both sexes.

Methods: Cross-sectional cohort study in a German university hospital, including
singleton, clinically stable, neonates born after 34 weeks of gestation. Cranial volume
was measured in the first week of life by a validated 3-D laser scanner. Cranial volume
data was modeled to calculate percentile values by gestational age and birth weight and
to develop cranial volume reference charts for girls and boys separately.

Results: Of the 1,703 included infants, 846 (50%) were female. Birth weights ranged
from 1,370 to 4,830 grams (median 3,370). Median cranial volume ranged from 320
[interquartile range (IQR) 294-347] ml at 34 weeks to 469 [IQR 442-496] ml at 42 weeks
and was higher in boys than in girls.

Conclusions: This study presents the first reference charts of cranial volume which can
be used in clinical practice to monitor brain growth between 34 and 42 weeks gestation
in infants.

Keywords: cranial volume, head circumference, head volume, reference chart, percentile, brain growth, gender,
preterm

INTRODUCTION

Very preterm birth is associated with poor brain growth and reduced brain volume throughout
childhood and adolescence (1-3). Not only in the window of preterm, but also of term birth,
gestational age at birth is associated with brain size in later childhood (4). Small brain size
in the neonatal period is related to impaired neurodevelopment and academic performance,
which obviously can impact quality of life (1, 5, 6). In preterm infants, brain growth may be
hampered by many factors associated with preterm birth itself, such as inflammation, hypoxaemia
or hyperoxaemia and intraventricular hemorrhage (3). However, brain growth is also affected
by modifiable factors in neonatal care such as high dose corticosteroids, painful procedures and
inadequate nutritional intake (7-9). As nutritional requirements change over time and may even
differ between girls and boys, (10) brain growth monitoring can be a useful tool in individualization
of nutritional treatment.
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Currently, monitoring of brain growth is usually based
on the widespread method of repeated tape measurement of
head circumference. However, this approach measures head
circumference as 2-dimensional (2-D) and does not always
adequately reflect head and brain volume, especially in infants
at lower gestational age (11, 12). The most reliable method to
measure brain volume and growth is cranial magnetic resonance
imaging (MRI) (13). However, MRI is not appropriate for routine
monitoring because repeated measurements are prohibitively
expensive, technically demanding and not available in all clinical
settings. 3-D Ultrasound techniques are being developed, but are
not yet suitable for measuring neonatal cranial volumes (14).

Digital 3-D laser scanning of the head represents a safe,
non-invasive and technically sound alternative for measuring
an infant’s cranial volume with high reproducibility and inter-
observer agreement (12). We have recently shown that cranial
volume as assessed by 3-D laser scanning is a reliable proxy
for brain volume as compared to cranial MRI (15). Since 3-D
laser scanning can be performed repeatedly, cranial volume could
become an important parameter in routine neonatal growth
monitoring, especially useful in preterm infants with high risk
of impaired brain growth. To target interventions on optimizing
brain growth in very preterm infants, normal values of neonatal
cranial volumes are needed. These should be based on birth data
of healthy late preterm and term infants, as in that age range
growth is a main focus of neonatal care. Therefore, the aim of
this study was to develop reference charts and tables for cranial
volumes across a relevant range of gestations, which can be used
for individual monitoring of neonatal head growth.

METHODS
Study Setting and Population

We developed references values for cranial volume based on
measurements shortly after birth, in a cross-sectional cohort
study at the tertiary teaching hospital in Dresden, Germany.
Cranial volume measurement has been introduced into clinical
routine for all neonates admitted to the intermediate care or
maternity ward since 2010 and is performed three times a week.
We included neonates, who were admitted to either the
maternity ward or intermediate care unit, between April 2011
and November 2014, who were scanned in their first week of life.
The sample size was determined by convenience and expected to
provide sufficient data at the tails of the distribution to model
growth charts. Digital head scanning was done only in infants
without obvious head deformities such as cephalohaematoma,
hydrocephalus or skull anomalies. As measurement is only
possible without (respiratory) devices attached to the head,
infants admitted to the intensive care unit were not included.
Due to small numbers, we excluded infants born before 34 0/7
weeks of gestation. To select a sample most representative of
physiological fetal growth in the general population, we excluded
multiple births such as twins or triplets, as well as infants being
very small or large for gestational age with a birth weight below or
above 2 standard deviations (SD) on Fenton‘s growth reference
chart (16). We also excluded extreme outliers with a cranial

volume values outside the 4 SD range for gestational age or birth
weight, based on a basic preliminary model.

3-D Cranial Volume Measurement

Cranial volume was measured by a medical assistant using a non-
invasive 3-D laser shape digitizer (STARscanner™, Orthomerica
Products Inc, Orlando, FL, USA), as described previously in full
detail (12). In brief, after placing the infant in the scanner, a 3-D
head shape was captured within a few seconds, by four Class-
I eye-safe lasers and eight cameras. Using specialized software
(YETI™ Shape Builder and Head Comparison Utility, Vorum
Research Corporation, Vancouver, Canada) cranial volume
and head circumference were calculated based on predefined
anatomical reference planes (12).

Data Collection and Statistical Analyses
Descriptive data were obtained from patient records and
included sex, gestational age, weight, length and head
circumference at birth and postnatal age at measurement.
If not noted otherwise, medians [1%1-3'9 quartile] are reported.
All variables for the analyses were complete. Comparisons of
characteristics and head volume between boys and girls was by
use of T-tests and linear regression analyses (SPSS, version 21 for
Windows, IBM, United States of America). P-values below 0.05
were considered statistically significant.

Models were built for cranial volume as a function of
gestational age and birth weight for boys and girls separately,
using Generalized Additive Models for Location, Scale and Shape
in R (GAMLSS) (17). For each of the 4 models, we first evaluated
the goodness of fit with two different distributions: the normal
and Box, Cox, Cole and Green. Then, we selected the model best
fitting the observations by comparing the Generalized Akaike
information criterion with a penalty of 3 per parameter.

The model by gestational age used a normal distribution with
constant variance and a spline with approximately 3 (SD 2)
effective degrees of freedom for the mean for boys and girls.
The model by birth weight also used a normal distribution
with constant variance and a spline with approximately 4
(SD 2) effective degrees of freedom for boys and 3 for girls.
Box, Cox Cole and Green models, allowing for deviations
from normality, did not improve any of the models. With the
selected distributions, all models provided adequate goodness-of-
fit. Quantiles of cranial volume and tail probabilities are reported
by gestational age and birth weight, for different percentiles.

In all cases the normal model was preferred over the Box-
Cox-Cole and Green model. The effective degrees of freedom for
the mean cranial volume as a function of gestational birthweight
was ~4. For this reference chart the log standard deviation was
linear. For all other reference curves, the effective degrees of
freedom were ~3 for the mean and the standard deviation was
constant. With the selected distributions, all models provided
adequate goodness-of-fit. Quantiles of cranial volume and tail
probabilities are reported by gestational age and birth weight, for
different percentiles.

Based on the growth models, percentile values and reference
charts for cranial volume were formulated by gestational age and
birth weight for both sexes using the gamlss package (version
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5.1) by Rigby and Stasinopoulos for R (using version 3.4.1, 2017
for Windows, R Foundation for Statistical Computing, Vienna,
Austria). The precision of the quantiles was estimated using boot-
strapping to estimate 95% confidence intervals for the 10, 50",
and 90™ percentiles. Based on the confidence intervals, the x-axes
of the curves were truncated to a reasonable range.

With no longitudinal data available, growth rates were
extrapolated from the modeled cross-sectional data. By
calculating relative differences in median cranial volume over
time (per week of gestational age), growth rates were estimated
for the hypothetical case that tracks the 50 percentile.

Ethics Statement

The ethics committee of the Medical Faculty Carl Gustav Carus of
the Technical University Dresden, Germany regarded the study
as an audit of standard care and decided that no specific written
parental consent was needed, as all neonates underwent cranial
volume measurements as part of standard care with approved
devices, and data collection was anonymized (EK2610821012).

RESULTS

Of 1,893 neonates with cranial volume measured, 22 were
excluded because of a gestational age below 34 weeks, 45 and 17
neonates being small and large for gestational age respectively, 70
twins, 35 neonates with first cranial volume measurement after
day 7 and 1 outliers with a cranial volume value above +4 SD
(Supplemental Figure 1). Of the 1,703 (90%) neonates included,
846 (50%) were female. Gestational age ranged from 34%7 to
42%/7 weeks (median 39*/7 [IQR 38*/7-40%/7]), birth weight from
1370 to 4830 g (3370 [3010-3670]) and head circumference from
28 to 39cm (35 [34-36]). In the majority (91%) of neonates,
cranial volume was measured within 3 days after birth. All
cranial volume measurements were successful. For the total
group, median cranial volume was 428 ml [393-460]. The median
ranged from 320 ml [294-347] at 34 weeks to 469 [442-496] ml
at 42 weeks of gestation.

Though mean gestational age at birth was not different, mean
weight, length and head circumference were higher in boys than
in girls (Table 1). Mean cranial volume was larger in boys than
in girls [mean difference 27 ml (95%-confidence interval 23-32)],
a difference that remained significant even after adjusting for
gestational age, birth weight and postnatal day at measurement
(p < 0.001).

Reference charts for cranial volume are shown by gestational
age (Figurel) and birth weight (Supplementary Figure 2)
for both sexes, with absolute values and distribution
parameters presented in Supplementary Tables1 and 2,
respectively. The distribution of the raw data underlying
the models, and the 95% confidence intervals, are shown in
Supplementary Figures 3A-D and 4A-D, respectively. Based
on the median cranial volume values in the reference charts,
fetal growth rate was estimated, which declined from 21 to 17
ml/week in boys and from 22 to 14 ml/week in girls between 34
and 42 weeks (Figure 2).

TABLE 1 | Neonatal characteristics.

Male
(n = 857)

Female P
(n = 846)

Gestational age, weeks 394/7 (38%/7:40%/7) 3947 (384/7;40%7)  0.52

Birth weight, g 3,422 (508) 3,239 (512) <0.0001
Birth weight, Z-score 0.0 (0.8) —0.1(0.8) 0.05
Birth length, cm’ 51.0 (2.4) 50.3 (2.5) <0.0001
Birth head circumference, cm? 35.4 (1.6) 34.7 (1.6) <0.0001
Age at measurement, days 1.9(1.3) 1.9(1.4) 0.43
Cranial volume, ml 439 (50) 412 (48) <0.0001

Data are presented as mean (SD) and mean difference (95% confidence interval) with
p-value for two sample T-test, except for gestational age (being not normally distributeqd)
that is presented as median (interquartile range) with p-value for Mann-Whitney U Test
and preterm (<37 weeks) presented as number (%) with p-value for Chi-square test. ' 1
missing (0.1%), 2 13 missing (0.8%).

DISCUSSION

This study provides the first reference charts of cranial volume
in late preterm and term neonates. The charts may be used to
plot individual cranial volume values to monitor individual head
growth in preterm infants. In addition to cranial volume charts by
gestational age, we provide charts relative to birth weight. These
last charts can be useful to quantify disproportional head growth,
as seen in “brain sparing” due to insufficient nutritional intake.

Our reference values include data from 34 weeks of gestation
until term, that are relevant for preterm infants. After extreme
or very preterm birth, this period refers to the more stable
stage of recovery after critical illness, in which growth and
neurodevelopment are the main focus of care. Our reference
values do not include preterm infants born below 34 weeks of
gestation, because the current device does not allow for scanning
during respiratory support.

Cranial volume was higher in boys than in girls at equal
gestational ages. This finding is consistent with fetal and birth
cohort studies showing that in general, head circumference
(by fetal ultrasound and postnatal tape measurements) and
brain volume (on MRI) are larger in boys than in girls
(10, 16, 18). Although prospective longitudinal volume data
are currently lacking, sex differences likely relate to different
development of brain structures, as well as to different nutritional
needs (13, 18, 19).

As compared to measuring simple head circumference, a 3-D
approach has several advantages. First of all, we earlier showed
that it provides a more reliable proxy for brain volume than 2-
D measurements (15). Second, there is less measurement error
due to head deformities. These are commonly seen in preterm
infants, due to attached medical devices (such as CPAP caps) and
head positioning in nursing care in combination with low muscle
tone and soft cranial bone structures (20).

Our data are based on the STARscanner™, which is easy to
use and quickly provides cranial volume data at high accuracy
and reproducibility (12). Development of more sophisticated 3-
D devices is ongoing. We expect cheaper and more accessible
tools in the future that will become useful for brain growth
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FIGURE 1 | Reference curve for cranial volume by gestational age for girls (A) and boys (B).
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FIGURE 2 | Cranial volume growth rate. Shown is the extrapolated median

growth rate per week by gestational age, in girls and boys for those tracking
the mean.

monitoring pending they meet the following criteria: (i) easy
to use in a clinical setting, including applicability in infants in
incubators on respiratory support; (ii) short picture acquisition
time in order to minimize motion artifacts; (iii) low acquisition
and operating costs; (iv) calculation of cranial volume based
on validated algorithms to predict brain volume, for example,
using automatic measurement based on standard anatomical
points (12).

A strength of the present study is the large sample of healthy
neonates in a wide range of gestational ages and birth weights.
Our data are unique, as earlier reports on brain volumes are MRI-
based, describe smaller samples and lack sex-specific reference
values and charts (13). As cranial volume determined by 3-D laser
scanning is strongly correlated to MRI-based brain volume, the
reference charts may also be used as a proxy for brain volumes
measured by other 3-D techniques (15).

Limitations of our study include the uneven distribution of
collected data, with lower numbers at lower gestational age,
caused by the availability of the routinely collected data. This
explains the larger confidence intervals at the tails of the curves,
underlining the need for cautious interpretation of the percentile
lines at low gestational age (21). The convenience dataset reflects
the usual distribution among different gestational ages and was
large enough to create models that fitted the data well. This is
supported by the 95% confidence intervals for the boys’ curves,
ranging around 10-40 ml for the gestational age and birth weight
curves. However, the confidence intervals for the percentiles for
girls were much larger. Specifically these models would benefit of
a larger sample of girls at lower gestational ages. Therefore, we
strongly encourage further study and validation of our models in
other cohorts. Inspired by the step-wise development of neonatal

growth charts by the WHO, we look forward to update the cranial
volume charts, by meta-analyses of future cohort studies (16).

Interpretation and clinical use of growth reference values
always requires critical appraisal of the reference population.
Selection of a sample representative of the general population
was limited by our tertiary hospital population, single-center
design and predominantly Caucasian population. As we aimed
to provide prescriptive (or: normative) charts that reflect general
physiological growth, we excluded a few groups on clinical
grounds. We excluded twins and severely growth restricted
neonates, because we expected higher cranial volume in relation
to their birth weight by fetal brain-sparing. Also, neonates with
severe macrosomia were excluded, as they are likely to have
small cranial volumes relative to their birth weight by body fat
accumulation. By selecting on birth weight and not on cranial
volume, we expect to have captured sufficient general biological
variation in cranial volume in our data.

We provide cross-sectional data measured soon after birth,
that represent the postnatal result of fetal head growth. Postnatal
growth after preterm birth mostly differs from fetal growth, for
example due to critically illness, nutritional deficits, and use of
steroids. Although a positive correlation between cranial volume
and subsequent neurodevelopmental outcome is supported by
previous studies, (22, 23) strong evidence is lacking to what
extend targeting at fetal growth postnatally is most optimal. In
our center, investigations are continuing on a new cohort of very
preterm born infants, providing longitudinal cranial volume data
for the first year of life. By relating cranial growth trajectories
to neurodevelopmental outcome, we hope to define optimal
postnatal cranial volume growth trajectories.

In conclusion, earlier studies showed that 3-D laser scanning is
an easy and accurate method to measure neonatal cranial volume.
We now provide reference charts and tables to be used for
cranial volume monitoring during routine neonatal care. These
reference values may be used to support development of new
clinical interventions, such as personalized nutritional care, to
improve brain growth and later outcome after preterm birth.
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