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Fetal Brain Growth in the Early Second Trimester
Maria Camila Cortes-Albornoz, Camilo Calixto, M. Alejandra Bedoya, Ryne A. Didier, Judy A. Estroff, and

Camilo Jaimes

ABSTRACT

BACKGROUND AND PURPOSE: Recent advances in fetal MR imaging technology have enabled acquisition of diagnostic images in
the early second trimester. Interpretation of these examinations is limited by a lack of familiarity with the developmental changes
that occur during these early stages of growth. This study aimed to characterize normal fetal brain growth between the 12th and
20th weeks of gestational age.

MATERIALS AND METHODS: This study was conducted as an observational retrospective analysis. Data were obtained from a terti-
ary care center’s PACS database. All fetuses included had late fetal MR imaging (.20weeks) or postnatal MR imaging, which con-
firmed normality. Each MR image was manually segmented, with ROIs placed to calculate the volume of the supratentorial
parenchyma, brainstem, cerebellum, ventricular CSF, and extra-axial CSF. A linear regression analysis was used to evaluate gesta-
tional age as a predictor of the volume of each structure.

RESULTS: Thirty-one subjects with a mean gestational age of 17.23weeks (range, 12–19 weeks) were studied. There was a positive,
significant association between gestational age and intracranial, supratentorial parenchyma; brainstem cerebellum; intraventricular
CSF; and extra-axial CSF volumes (P , .001). Growth was fastest in the supratentorial parenchyma and extra-axial CSF. Fetal sex was
not associated with the volume in any of the ROIs.

CONCLUSIONS: This study demonstrates distinct trajectories for the major compartments of the fetal brain in the early second tri-
mester. The fastest growth rates were observed in the supratentorial brain and extra-axial CSF.

ABBREVIATION: GA ¼ gestational age

Extensive literature has demonstrated the usefulness of fetal
MR imaging in assessing CNS abnormalities during the late

second and third trimesters.1-4 Due to the small size of the fetus

and the high prevalence of motion artifacts, imaging is generally
deferred until after 20weeks’ gestational age (GA).5 However,
advancements in MR imaging technology, including receiving
coils and the use of 3T scanners now allow imaging with suffi-
cient spatial and temporal resolution to acquire diagnostic images
in the early second trimester.6-8 This growing practice has high-
lighted the relative void of information regarding normal brain
development in vivo in these early stages.

Evaluating brain growth and neurologic well-being in the early
second trimester is of great interest to developmental neuro-
science and fetal neurology. This period is characterized by the
formation of the subplate, intense neuronal proliferation in the
germinal centers, extensive neuronal migration, early synaptic
sprouting, and axonal growth.9 In clinical practice, patients with
pregnancies with fetal abdominal wall defects, chromosomal
abnormalities detected on screening tests, major CNS abnormal-
ities, and complications related to multiple pregnancies frequently
seek diagnostic imaging and prognostication at earlier time points.
Information obtained from early second-trimester fetal MR imag-
ing can be tremendously useful in counseling these families.
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The purpose of this study was to characterize normal fetal
brain development in vivo between the 12th and 20th weeks of
gestation by performing a retrospective analysis at a large tertiary
maternal and fetal care center. We hypothesized that while all
structures in the fetal brain will grow during this period, our vol-
umetric analysis will demonstrate distinct trajectories for the
major constituents of the fetal brain at these early GAs.

MATERIALS AND METHODS
The institutional review board (Boston Children's Hospital)
approved this observational retrospective study. All data were
obtained from the PACS database at a tertiary children’s hospital.
Inclusion criteria were as follows: 1) fetal MR imaging performed
between January 1, 2014, and December 30, 2022, in a pregnancy
with,20weeks’ GA, 2) non-neurologic indication for the exami-
nation, and 3) the availability of a high-quality (fully diagnostic),
late fetal (.20weeks’ GA), or postnatal MR imaging confirming
a structurally normal brain. Exclusion criteria included the fol-
lowing: 1) fetal abnormalities that may affect neurodevelopment
(eg, syndromic diseases, congenital infections, multiple gesta-
tions, chromosomal abnormalities), 2) twin pregnancies, and 3)
MR imaging examinations with insufficient quality for manual
segmentations. At least 1 series covering the fetal brain had to be
devoid of motion in every single section to be considered of suffi-
cient quality.

Data Acquisition
All images were acquired on 3T scanners (Magnetom Skyra and
Magnetom Vida; Siemens). Institutional protocols were fol-
lowed for image acquisition, consisting of HASTE or balanced
steady-state free precession images. The parameters of the
HASTE sequences were the following: TR¼ 1400–4000ms,
TE¼ 100–102ms, FOV¼ 230 � 230 or 256 � 256, 1-mm in-
plane resolution, 2- to 2.5-mm section thickness, acquisition
matrix size¼ 208 � 208 or 256 � 256. For the balanced steady-
state free precession sequences parameters were the following:
TR ¼ 4.3–5.2ms, TE¼ 1.8–2.6ms, FOV¼ 230 � 230–300 �
300, 1-mm in-plane resolution, 2- to 2.5-mm section thickness,
acquisition matrix size¼ 256� 320.

Image Processing
DICOM data of fetuses meeting the criteria were converted to the
NIfTI format. Data were visualized and segmented using ITK-

SNAP (Version 4.0.0; www.itksnap.org)
(Fig 1). We performed manual segmen-
tations, placing ROIs in the fetal supra-
tentorial brain parenchyma (the portion
of the brain above the tentorium cere-
belli), brainstem, cerebellum, extra-axial
CSF, and intraventricular CSF using a
high-resolution (1080p) Wacom Cintiq
Tablet (https://www.wacom.com/en-
us/products/pen-displays/wacom-
cintiq). Given that fetal MR imaging at
such an early GA is prone to motion
degradation and that either sequence
provides sufficient tissue contrast to out-

line the desired anatomy, we chose the sequence with the highest
SNR and lowest artifact degradation (shadowing, motion, band-
ing). This choice was determined subjectively by an experienced
neuroradiologist. We performed an intraobserver variability analy-
sis for 4 randomly chosen fetuses; the second set of segmentations
was completed.4months after the original segmentation.

Statistical Analysis
The volume of each label was calculated for all subjects.
Intracranial volume was calculated as the sum of all ROIs. A linear
regression analysis was used to evaluate GA as a predictor of the
volume of each structure. We also controlled for sex on the basis of
previously reported findings on sexual dimorphism by Machado-
Rivas et al.7 The relative volume of each structure was calculated as
the ratio of the absolute volume of the structure to the intracranial
volume. We performed an intraobserver reliability analysis for the
manual segmentations by randomly choosing 4 fetuses, performing
new volumetric segmentations, and estimating the percentage
change of the results relative to the index segmentation. Descriptive
statistics were used to summarize the data from relative volume
estimations. All calculations were performed using R (Version
4.2.1; http://www.r-project.org/) with a significance level of .05.
Plots were designed using the ggplot2 package (Version 3.4.0;
https://www.rdocumentation.org/packages/ggplot2/versions/3.4.4).

RESULTS
Population
We retrieved a total of 270 early second-trimester fetal MRIs. The
examinations of 51 subjects met the criteria for inclusion, and 20
of these were subsequently excluded due to low image quality that
precluded accurate segmentations (Fig 2). The final sample con-
sisted of 31 subjects (13 female) with a mean GA of 17.23weeks
(range, 12–19 weeks). For 26 subjects, the follow-up examination
consisted of a second fetal MR imaging obtained at a mean age of
27.2weeks (range, 21–36weeks), and for 5 subjects, the follow-up
consisted of a postnatal MR imaging obtained 8.2months postde-
livery (range, 1–24months). The average interval between the
index study and the follow-up study was 13.32weeks (range, 3–
57weeks). Table 1 summarizes the indications for fetal MRIs.

Volumetric Analysis
Intracranial Volume and Parenchyma. There were significant
positive associations between GA and intracranial volume,

FIG 1. Representative example of ROIs in the brain of 12-week (A), 15-week (B), and 19-week-old
fetuses (C). The supratentorial brain is labeled in dark blue; the ventricular CSF, in light blue; the
extra-axial CSF, in green; the brainstem, in salmon; and the cerebellum, in yellow.
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supratentorial parenchymal volume, brainstem volume, and cerebel-
lar volume. Fetal sex was not significantly associated with the vol-
ume of any of the ROIs (P ..05). The Online Supplemental Data
summarize the mean volume and weekly change of the individual
structures across the study period. The Online Supplemental Data
present the mean volume of the individual structures per week.

CSF Spaces. We observed significant associations between GA
and intraventricular CSF volume and extra-axial CSF. Fetal sex
was not significantly associated with either ROI (P ..05, both).
The Online Supplemental Data summarize the change in volume
per week and present the mean volume per week.

The result of our intraobserver variability analysis showed
high concordance between segmentations. The average percent-
age difference across all ROIs was 7.71%, and it was highest for
the brainstem and intraventricular CSF ROIs. The highest con-
cordance was found for the extra-axial CSF. The Online
Supplemental Data summarize the data for this analysis.

Relative Volumetry
There was a significant GA-related increase in the relative volume
of the supratentorial brain and extra-axial CSF (P , .02).

Conversely, there was a significant decrease in the relative volume
of the brainstem, cerebellum, and intraventricular CSF (P ,

.001) (Table 2). Figure 3 provides a graphical comparison of the
absolute and relative growth of each structure per GA. Fetal sex
was not significantly associated with relative volume growth (P
..05).

DISCUSSION
Advancements in MR imaging technology have expanded the
clinical applications of fetal MR imaging, enabling the acquisition
of diagnostic images in the early second trimester. This study
aimed to address the scarcity of data on in vivo fetal brain devel-
opment in pregnancies between the 12th and 20th weeks’ GA by
performing a retrospective analysis of brain growth in subjects
whose subsequent neuroradiologic studies confirmed normality.
Our results demonstrate rapid growth of all intracranial struc-
tures with distinct trajectories for individual regions. Awareness
of normative and relative volumetry of structures can inform the
interpretation of fetal MRIs and contribute to understanding the
selective vulnerability and physiopathology of abnormalities that
could arise at these early developmental stages.

Most MR imaging literature pertaining to fetal brain develop-
ment in the early second trimester is based on ex vivo studies.10-14

The absolute volumetric estimates for the cerebellum and total
brain volume from our study align with those reported by Zhan et
al10 and Xu et al.11 The analysis performed by Zhan et al used sub-
millimeter acquisitions at 7T in conjunction with atlasing techni-
ques. In addition to having similar growth trajectories, their
approach enabled them to identify a clear anterior-to-posterior
gradient in these developmental changes.10 Xu et al also used sub-
millimeter acquisitions at 7T to study cerebellar growth, and while
the trends they reported are consistent with our observations,
their work delved deeper into the regional patterns of individual
cerebellar lobules.11 Most important, our study is the only one
that has addressed these challenges using in vivo MR imaging,
demonstrating the feasibility of this approach and facilitating
translation. Furthermore, the use of in vivo data minimizes the
effects of biases related to tissue damage, swelling, and tissue prep-
aration that are inherent in ex vivo analyses.15

The supratentorial brain was the dominant compartment,
and it also displayed the highest growth rate. At 12weeks, it con-
stituted about one-third of the intracranial volume, which
increased to nearly one-half by the 19weeks. Active neuronal
proliferation and migration, the formation of the subplate, and
the rapid expansion of the latter likely drive this exuberant
growth.16 As these processes halt or slow down, growth does the
same, leading to a more modest growth rate reported later in
pregnancy by Machado-Rivas et al.7 Despite moderately high
rates of growth, the brainstem and cerebellum were outpaced by
the supratentorial brain, which resulted in a slight decrease in
their relative percentage of intracranial volume between the
12th and 19th weeks. At later GAs, the rate of growth of the su-
pratentorial brain decreases and the cerebellum becomes the
fastest-growing compartment.7,17

The ventricles constitute a dominant structure in early preg-
nancy, accounting for nearly one-quarter of intracranial volume
at 12weeks. Ventricular growth is slow, a finding previously

FIG 2. Application of inclusion and exclusion criteria in a flow
diagram.

Table 1: Demographics and clinical characteristics
Population Characteristics Median (Range)

Maternal age (yr) 32 (18–41)
Median GA (weeks) 18 (12–19)
Mean fetal growth percentile 44.62 (10.6–96.3)
Sexa

Female 12 (38.70%)
Male 19 (61.29%)

Fetal diagnosis
Congenital diaphragmatic hernia 7 (21.87%)
Normal 7 (21.87%)
Omphalocele 4 (12.5%)
Congenital pulmonary airway malformation 3 (9.37%)
Cleft lip 2 (6.25%)
Congenital heart disease 2 (6.25%)
Patent urachus 2 (6.25%)
Lymphatic malformation 1 (3.12%)
Occipital subcutaneous mass 1 (3.12%)
Hepatic hemangioma 1 (3.12%)
Hepatic pseudocyst 1 (3.12%)
Cardiac rhabdomyoma 1 (3.12%)

a Data from this point down are No. of subjects (%).
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corroborated by sonography and fetal MR imaging studies across
a wide range of GAs.7,18 It is crucial to note that this slow growth
results in a substantial decrease in the proportion of intracranial
volume of the ventricles with advancing GA. The expansion of
the extra-axial CSF emerged as another key finding in our analy-
sis. Its growth rate was second only to that of the supratentorial
parenchyma, reaching almost 40% of intracranial volume by
19weeks’ GA. The role of the extra-axial CSF as a marker of
normal neurologic development is often underestimated. For
instance, an increase in volume has been reported in cases of
congenital heart disease, and a reduced volume is a hallmark
of open neural tube defects.19,20

Fetal neuroimaging in pregnancies of ,20weeks’ GA,
though uncommon, is an area of increasing interest. The desire
to counsel families as early as possible, monitor vulnerable preg-
nancies, and triage patients for a growing number of fetal inter-
ventions has fueled this trend. One relatively common
indication in our cohort was the characterization of abdominal
wall defects. While not the primary malformation, the neuro-
logic well-being of these fetuses is a pivotal point in counseling
because multiorgan system malformations necessitate specialized
counseling, particularly in regard to the potential for genetic or
syndromic etiologies. Monochorionic diamniotic twins represent
another vulnerable population; these fetuses are at risk of unbal-
anced vascular and placental sharing (eg, twin-twin transfusion
syndrome) and resultant complications, have a high risk of cere-
brovascular events, and frequently are eligible for fetoscopic
interventions.16,21 Last, sociopolitical factors, such as the evolving

legal landscape surrounding preg-
nancy termination, could serve as an
incentive to image fetuses at an ear-
lier GA to provide prognostic infor-
mation. The availability of normative
volumetric data can enhance the
interpretation of imaging findings in
these early pregnancies.

The limitations of this study include
its retrospective nature, which may
introduce bias, and the relatively small
sample size of 31 subjects. The exclu-
sion of 20 subjects due to low image
quality underscores the challenges of
acquiring high-quality images during
the early second trimester. The segmen-
tations used for analysis were based on
2D images rather than 3D reconstructed
volumes. Although previous work has

pioneered the use of super-resolved 3D volumes for fetal images,
these tools are not available for the GA range analyzed in this
study. Consequently, the reported volumes of structures in the fe-
tal brain might be underestimated or overestimated compared
with a 3D volume estimation. Future studies with larger sample
sizes, prospective designs, and improved image analysis pipelines
may help refine and expand the normative data generated in this
study.

CONCLUSIONS
This study provides essential normative data on fetal brain devel-
opment in vivo between the 12th and 20th weeks of gestation.
During this period, there is substantial absolute and relative
growth in the brain parenchyma and extra-axial CSF volume rela-
tive to the intraventricular CSF, cerebellum, and brainstem. As
the clinical footprint of fetal MR imaging continues to expand to
the early second trimester, these data can aid in interpreting these
examinations.

Disclosure forms provided by the authors are available with the full text and
PDF of this article at www.ajnr.org.
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