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MRI has emerged as the dominant modality for evalu-
ation of normal brain development, cerebral malfor-

mations, and brain injury prenatally. The high tissue con-
trast of fetal MRI allows for differentiation of the various 
constituents of the brain, including the cerebral cortex, 
deep gray matter, white matter, posterior fossa structures, 
and cerebrospinal fluid (CSF) spaces. Fetal MRI depicts 
age-related change in the transient fetal white matter 
zones (subplate, intermediate zone, proliferative com-
partments) and demonstrates the onset of myelination. In 
clinical practice, interpretation of fetal MRI is performed 
subjectively by expert readers. Tools in image reconstruc-
tion, motion correction, and segmentation have enabled 

the quantitative characterization of fetal brain growth 
(1,2); these tools hold the prospect of developing nor-
mative data for fetal brain development that could sub-
stantially improve prenatal diagnosis and disease-specific 
prognostication (3).

The need to better characterize fetal brain develop-
ment was recognized by investigators including Andes-
cavage et al (4), Clouchoux et al (5), and Jarvis et al (6). 
These authors used various image processing pipelines 
and segmentation algorithms to characterize volumetric 
changes in the fetal brain. Their results made valuable 
contributions by providing evidence of complex pre-
natal trajectories and preliminary evidence of scattered 

Background: Tools in image reconstruction, motion correction, and segmentation have enabled the accurate volumetric characteriza-
tion of fetal brain growth at MRI.

Purpose: To evaluate the volumetric growth of intracranial structures in healthy fetuses, accounting for gestational age (GA), sex, 
and laterality with use of a spatiotemporal MRI atlas of fetal brain development.

Materials and Methods: T2-weighted 3.0-T half-Fourier acquired single-shot turbo spin-echo sequence MRI was performed in healthy 
fetuses from prospectively recruited pregnant volunteers from March 2013 to May 2019. A previously validated section-to-volume 
reconstruction algorithm was used to generate intensity-normalized superresolution three-dimensional volumes that were registered 
to a fetal brain MRI atlas with 28 anatomic regions of interest. Atlas-based segmentation was performed and manually refined. 
Labels included the bilateral hippocampus, amygdala, caudate nucleus, lentiform nucleus, thalamus, lateral ventricle, cerebellum, 
cortical plate, hemispheric white matter, internal capsule, ganglionic eminence, ventricular zone, corpus callosum, brainstem, hip-
pocampal commissure, and extra-axial cerebrospinal fluid. For fetuses younger than 31 weeks of GA, the subplate and intermediate 
zones were delineated. A linear regression analysis was used to determine weekly age-related change adjusted for sex and laterality.

Results: The final analytic sample consisted of 122 MRI scans in 98 fetuses (mean GA, 29 weeks 6 5 [range, 20–38 weeks]). All 
structures had significant volume growth with increasing GA (P , .001). Weekly age-related change for individual structures in the 
brain parenchyma ranged from 2.0% (95% CI: 0.9, 3.1; P , .001) in the hippocampal commissure to 19.4% (95% CI: 18.7, 20.1; 
P , .001) in the cerebellum. The largest sex-related differences were 22.1% higher volume in male fetuses for the lateral ventricles 
(95% CI: 10.9, 34.4; P , .001). There was rightward volumetric asymmetry of 15.6% for the hippocampus (95% CI: 14.2, 17.2;  
P , .001) and leftward volumetric asymmetry of 8.1% for the lateral ventricles (95% CI: 3.7, 12.2; P , .001).

Conclusion: With use of a spatiotemporal MRI atlas, volumetric growth of the fetal brain showed complex trajectories dependent on 
structure, gestational age, sex, and laterality.
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(b) any contraindication to MRI, and (c) maternal comorbidi-
ties (eg, diabetes, hypertension, substance abuse).

Fetal MRI Protocol
Images were acquired with 3.0-T MRI scanners (Skyra and Prisma, 
Siemens Medical Solutions) with spine and 18-channel body 
coils. The imaging protocol consisted of multiple T2-weighted 
half-Fourier acquired single-shot turbo spin-echo (HASTE) scans 
along orthogonal planes. The sequence parameters were as follows: 
repetition time, 1400–2000 msec; echo time, 100–120 msec; in-
plane resolution, 0.9–1.1 mm; section thickness, 2–3 mm, with 
no space between sections; and acquisition matrix size, 256 3 204,  
256 3 256, or 320 3 320, with two- or four-section interleaved 
acquisitions. Additional multiplanar images of the fetal body with 
use of steady-state free precession sequences and HASTE were also 
acquired; these were used to verify that there were no fetal abnor-
malities but were not directly used in data processing.

Image Processing
We used a section-to-volume reconstruction algorithm intro-
duced by Kainz et al (1) to process the two-dimensional HASTE 
acquisitions and to generate an intensity-normalized superreso-
lution three-dimensional volume with an isotropic resolution of 
1 mm3. The three-dimensional reconstructed volumes were sub-
sequently registered with a six–degree of freedom rigid transfor-
mation to the Computational Radiology Laboratory fetal brain 
MRI atlas (2) to bring them into the standard atlas orientation 
and coordinates. The images then underwent automated atlas-
based segmentation using the previously validated procedure 
and the spatiotemporal fetal brain atlas described in reference 2. 
The Computational Radiology Laboratory spatiotemporal fetal 
brain MRI atlas involves 28 manually defined labels of fetal brain 
structures across gestation (2). The atlas-based segmentation 
process involves diffeomorphic deformable registration between 
each query image and the atlas images followed by label propa-
gation and probabilistic label fusion (9). Subsequently, the atlas-
generated labels were manually refined (by J.G. and F.M.R, with 
3 years and 2 years of experience, respectively) using ITK-SNAP 
(version 3.8.0) (10). Review for quality and accuracy of label 
propagation was performed by a board-certified pediatric neu-
roradiologist (C.J., with 5 years of experience in fetal imaging).

For all fetuses, the automated segmentation algorithm de-
fined 28 regions of interest, summarized in Table 1. Addition-
ally, for individuals younger than 31 weeks of GA, the subplate 
and the intermediate zones, also known as transient fetal white 
matter zones, were delineated. Figure 1 shows segmentations for 
fetuses of 31 weeks of GA or older and those younger than 31 
weeks of GA (including white matter fetal transient zones).

Statistical Analysis
For each fetus, we recorded region-of-interest volume, GA, sex, 
and scan number. For structures with double representation (left 
and right), a nested mixed effects regression with random inter-
cept to account for repeated measurements (scan number nested 
within individual) was used to analyze GA, sex, and laterality as 
predictors of volume for each structure. For midline structures, a 
mixed effects regression with random intercept to account for re-

hemispheric asymmetries. However, many of these studies 
used segmentation labels that divided the brain parenchyma 
into major constituents (eg, gray matter, white matter, CSF), 
grouped smaller structures based on anatomic proximity (deep 
gray nuclei and internal capsule), and did not evaluate the 
transient white matter zones (4,6,7). The recent development 
of spatiotemporal atlases of neuroanatomic brain growth has 
substantially improved the level of anatomic detail (2), which 
is now comparable with that of neonatal segmentation pipe-
lines (2,8). This level of detail is required to better understand 
normal development and to accurately identify abnormalities 
at their early stages.

We hypothesized that we would identify structure-specific 
developmental trajectories that serve as a prelude to infant 
brain growth and that we would observe widespread sexual 
dimorphism. Thus, the purpose of our study was to evaluate 
the volumetric growth of intracranial fetal structures using seg-
mentations from a detailed MRI atlas of fetal brain develop-
ment enriched to include the transient fetal white matter zones 
(2) in a cohort of normal pregnancies and account for the ef-
fects of gestational age (GA), sex, and hemispheric laterality.

Materials and Methods

Volunteer Recruitment
This study was compliant with the Health Insurance Portability 
and Accountability Act and approved by the institutional re-
view board. All participants were prospectively recruited from 
March 2013 to May 2019, and informed consent was obtained 
for each fetal MRI examination. Participation in the study was 
advertised with use of pamphlets at outpatient obstetrics and 
gynecology clinics, pamphlets at our institution, and banners 
on the hospital’s intranet. Criteria for inclusion were (a) nor-
mal pregnancy between 19 and 40 weeks of GA and (b) age 
of mother between 18 and 45 years. Exclusion criteria were 
(a) any pregnancy or fetal abnormality (including congenital 
infection, multiple-gestation pregnancy, fetal abnormalities in 
the brain or in other organs, and chromosomal aberrations), 

Abbreviations
CSF = cerebrospinal fluid, GA = gestational age, HASTE = half-Fourier 
acquired single-shot turbo spin-echo

Summary
MRI volumetric growth of the emerging fetal brain followed a complex 
trajectory dependent on structure, gestational age, sex, and laterality; 
recognition of this pattern may aid prenatal diagnosis.

Key Results
 n In this prospective study of 122 MRI scans obtained to evaluate 

98 healthy fetuses, weekly age-related change adjusted for sex and 
laterality ranged from 2.0% in the hippocampal commissure to 
19.4% in the cerebellum (all P , .001).

 n The largest sex-related difference adjusted for age and laterality 
was 22.1% higher volume in male fetuses for the lateral ventricles 
(P , .001).

 n The largest asymmetry adjusted for age and sex was a rightward 
difference of 15.6% for the hippocampus (P , .001).
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peated measurements (scan number) was used to analyze GA and 
sex as predictors of volume for each structure. We implemented 
a logarithmic conversion of the dependent variable (volume), the 
GA variable was centered at 31 weeks (26 weeks for the white 
matter transient zone analysis), and interactions between GA 
and sex and GA and laterality were evaluated. Subsequently, the 
coefficients and 95% CIs were converted to express percentage 
change by using [exp(coefficient) – 1] 3 100. All calculations 
were performed using StataIC (version 16.1, StataCorp) with 
an a level of significance of .05; Bonferroni correction was per-
formed for multiple comparisons.

Results

Study Sample Characteristics
Of 162 fetal MRI examinations contributed by pregnant volun-
teers, 27 were excluded due to excessive motion that resulted in 
low-quality data and 13 for gross errors in segmentation. The fi-
nal study sample consisted of 122 fetal MRI examinations in 98 
fetuses (mean GA 6 standard deviation, 29 weeks 6 5 [range, 
20–38 weeks]; 58 female fetuses) from 116 pregnant volunteers 
(mean age 6 standard deviation, 32 years 6 4). Characteristics 
of all pregnant volunteers and the analyzed fetal cohort are sum-
marized in Table 2. A flowchart with inclusion and exclusion 
criteria is presented in Figure 2.

Volumetric Analysis and Age-related Change
All evaluated structures had significant volume growth with in-
creasing GA (Fig 3). The age-related change per week for intra-

Table 1: Fetal Segmentations according to Anatomic Structure

Structure Notes
Intracranial volume Grouping
 Extra-axial cerebrospinal fluid Not available
 Lateral ventricle Bilateral segments
 Brain parenchyma Grouping, bilateral segments
  Cortical plate Bilateral segments
  Hemispheric white matter Bilateral segments
  Proliferative compartments Grouping, bilateral segments
   Ventricular zone Bilateral segments
   Ganglionic eminence Grouping, bilateral segments
  Corpus callosum Not available
  Internal capsule Bilateral segments
  Fornix Not available
  Amygdala Bilateral segments
  Deep gray matter Grouping, bilateral segments
   Caudate nucleus Bilateral segments
   Lentiform nucleus Bilateral segments
   Thalamus Bilateral segments
  Hippocampus Bilateral segments
  Hippocampal commissure Bilateral segments
 Brainstem Not available
 Cerebellum Bilateral segments
Fetal white matter transient  

zones subanalysis
Subdivision of hemispheric  

white matter (,31 weeks  
of gestational age)

 Subplate Bilateral segments
 Intermediate zone Bilateral segments

Figure 1: Segmentation of fetal brain structures. Twenty-eight individual structures were segmented and refined for all fetuses, 
and for fetuses less than 31 weeks of gestational age, the fetal white matter transient zones were additionally segmented. Image 
shows two-dimensional axial fetal segmentations for (A) a 25-week-old fetus and (B) a 36-week-old fetus, as well as (C, D) the 
three-dimensional volumetric segmentations (C corresponds with A, and D with B). A color bar is shown with labels for all structures.



Machado-Rivas et al

Radiology: Volume 303: Number 1—April 2022  n  radiology.rsna.org 165

cranial volume was 11.7% (95% CI: 11.1, 12.2; P , .001); for 
brain parenchyma, 12.9% (95% CI: 12.4, 13.4; P , .001); for 
extra-axial CSF, 9.6% (95% CI: 8.9, 10.3; P , .001); and for lat-
eral ventricles, 5.5% (95% CI: 4.8, 6.1; P , .001). For individ-
ual labels in the brain parenchyma, age-related change varied for 
each structure, ranging from 2% (95% CI: 0.9, 3.1; P , .001) 
in the hippocampal commissure to 19.4% (95% CI: 18.7, 20.1;  
P , .001) in the cerebellum (Table 3). Figure 4 shows label-spe-
cific age-related change. Table E1 (online) details the unadjusted 
volumetric analysis for each individual label.

A subanalysis of the fetal hemispheric white matter transient 
zones for GA younger than 31 weeks showed rapid growth of 
the subplate and intermediate zone (Table 3, Fig 5). The rate 
of growth per week was 15.7% for the subplate (95% CI: 14.6, 
16.8; P , .001) and 25.2% for the intermediate zone (95% CI: 
23.1, 27.4; P , .001).

Sexual Dimorphism
Table 4 summarizes mean volume differences by sex. On average, 
male fetuses had higher volumes in all structures where signifi-
cant sexual dimorphism was found (intracranial volume, CSF, 

lateral ventricles, brain parenchyma, hemispheric white matter, 
proliferative compartment, ventricular zone, corpus callosum, 
deep gray matter, lentiform nucleus, thalamus, brainstem, and 
cerebellar hemisphere). The largest sex-related differences were 
22.1% for the lateral ventricles (95% CI: 10.9, 34.4; P , .001), 
12.9% for the corpus callosum (95% CI: 6.0, 20.3; P , .001), 
and 12.4% for the cerebellar hemispheres (95% CI: 4.8, 20.5;  
P = .003) (Fig 6). Table E2 (online) details the unadjusted vol-
ume according to sex.

When evaluating the effect of sex on the rate of volume 
change per gestational week (GA-sex interaction), we found a 
1% higher slope in males for the caudate nucleus (95% CI: 0.2, 
1.9; P = .021). No sex-related difference was observed in the 
volume of the subplate (2.2%; 95% CI: 25.8, 10.8; P . .999) 
or the intermediate zone (5.5%; 95% CI: 25, 17.2; P = .945).

Lateral Asymmetries
Table 5 summarizes mean volume differences by laterality (left 
and right) for structures with bilateral representation. Struc-
tures with rightward volumetric asymmetry included the hip-
pocampus, with a mean difference of 15.6% (95% CI: 14.2, 

Table 2: Study Sample Characteristics

Group and Characteristic Value
Pregnant volunteers 
 No. recruited 116
 Mean age (y)* 32 6 4
 No. of volunteers with data for self-described race 88
  White 76 (86)
  Asian 8 (9.1)
  Black or African American 4 (4.5)
 No. of volunteers with data for highest  

level of education attained
87

  Graduate or professional degree 31 (36)
  College or baccalaureate degree 26 (30)
  Doctoral or postgraduate degree 20 (23)
  Some college or baccalaureate education 4 (4.6)
  Associate or technical degree 4 (4.6)
  Some postbaccalaureate education 2 (2.3)
Fetal cohort analyzed (after exclusions)
 Total no. of MRI examinations 122
 No. of MRI examinations corresponding to  

fetuses 31 weeks of gestational age
65

 No. of fetuses 98
  No. of fetuses with one MRI examination 72
  No. of fetuses with two MRI examinations  

(second and third trimesters)
26

 Sex
  Female 58
  Male 40
 Mean gestational age (gestational weeks)* 29 6 5 
 Minimum gestational age (gestational weeks) 20 
 Maximum gestational age (gestational weeks) 38 

Note.—Unless otherwise specified, data are numbers of 
individuals; data in parentheses are percentages.
* Data are means 6 standard deviations.

Figure 2: Flowchart of our study sample shows inclusion and exclusion. There 
was a total of 116 pregnant patients who were imaged, resulting in 162 fetal 
MRI examinations. Twenty-seven MRI examinations were excluded because of 
poor-quality data, resulting in 135 MRI examinations that were reconstructed and 
segmented. Then, 13 MRI examinations were excluded because of gross errors in 
segmentation, resulting in 122 MRI examinations analyzed (corresponding to 98 
fetuses).
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17.2; P , .001) and the lentiform nucleus, with a mean dif-
ference of 3.3% (95% CI: 1.5, 5.1; P , .001). There was a 
leftward volumetric asymmetry (mean difference relative to 
the right hemisphere) of 28.1% for the lateral ventricles (95% 
CI: 212.2, 23.7; P , .001), 27.6% for the caudate nucleus 
(95% CI: 29.3, 25.9; P , .001), 24.4% for the internal 
capsule (95% CI: 26.5, 22.3; P , .001), and 21.7% for 
the cortical plate (95% CI: 22.9, 20.4; P = .030). Table E3 
(online) details the unadjusted volume according to laterality.

The effect of laterality on the rate of volume change is sum-
marized in Table E4 (GA-laterality interaction) (online). The 
greatest change in slope favoring right-sided structures was seen 
in the amygdala, with a 3.1% higher slope (95% CI: 2.1, 4;  
P , .001). The greatest change in slope favoring left-sided struc-
tures was seen in the ventricular zone, with 20.6% (95% CI: 
20.9, 20.4; P , .001) (relative to the right side).

The mean difference in laterality for the subplate (1.3%; 95% 
CI: 20.4, 3.0; P = .384) and intermediate zone (0.9%; 95% CI: 
20.1, 2.0; P = .219) was not significant. However, the rate of 
change of volume for the intermediate zone was 20.6% (95% 
CI: 20.9, 0.3; P , .001) for the right side.

Discussion
Recent advances in image processing for fetal MRI have improved 
our ability to quantitatively study normal brain development 
in vivo (1,2). This study aimed to evaluate normal age-related 

change, sexual dimorphism, and lateral asymmetries in healthy 
fetuses with use of retrospective motion correction and automated 
segmentations derived from a detailed spatiotemporal MRI atlas 
of fetal brain development. Our results show that in the second 
half of pregnancy, age-related growth varies between structures, 
ranging from 2.0% per week (P , .001) in the hippocampal 
commissure to 19.4% per week (P , .001) in the cerebellar hemi-
sphere. For structures where sexual dimorphism was found, male 
fetuses had a higher volume, ranging from a 6.4% mean difference 
in the deep gray matter (P = .033) to a 22.1% mean difference 
in the lateral ventricles (P , .001). The largest rightward asym-
metry was found in the hippocampus, where there was a 15.6% 
mean difference (P , .001), and the largest leftward asymmetry 
was found in the lateral ventricles, where there was a 8.1% mean 
difference (P , .001).

Prior research in the field of fetal developmental neuroimag-
ing relied on image processing pipelines that used fewer labels to 
segment the brain. Andescavage and colleagues (4) used a pipeline 
that parcellated the supratentorial brain into three labels, Scott 
and colleagues (7) used four labels, and Jarvis and colleagues (6) 
used a binary label system (parenchyma, CSF). Our study builds 
on previous knowledge by using an atlas with a rich set of ana-
tomic labels, allowing for the analysis of multiple additional struc-
tures (2,11). The individualized segmentation of the components 
of the white matter (internal capsule, corpus callosum), prolifera-
tive compartments, amygdala, deep gray matter (caudate nucleus, 

Figure 3: Plots show volumetric age-related change. Age-related change had high variability between the structures evaluated. (A) Cortical plate and hemispheric 
white matter; (B) the deep gray matter structures: caudate nucleus, lentiform nucleus, and thalamus; (C) the proliferative compartments: ganglionic eminence and ventricular 
zone; and (D) the cerebellum and brainstem.
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lentiform nucleus, thalamus, and so on), hippocampus, lateral 
ventricles, and extra-axial CSF space provides normative data on 
the growth trajectories of these structures; many of these were pre-
viously grouped into tissue labels based on signal intensity simi-
larities and proximity, despite important histologic differences (eg, 

deep gray nuclei and internal capsule) (4). For example, our study 
shows varying rates of growth between the various deep gray struc-
tures, the amygdala, hippocampus, and brainstem, which are not 
well captured on other segmentation pipelines. This level of detail 
is increasingly required in clinical fetal medicine for adequate diag-
nosis and prognostication of prenatal abnormalities.

Our analysis also demonstrated significant and widespread 
sexual dimorphism, with male fetuses having higher absolute 
volumes for most structures, confirming a prenatal origin of 
these differences. The observed 6.4% sex-related difference in 
overall brain volume approaches the 8.3% reported by Dean 
et al (12) in newborns at 1 month of postnatal age. Sex-related 
dimorphism in ventricular size was the largest difference docu-
mented, approaching 25%. This result is supported by exten-
sive obstetric US data, which consistently report that the stan-
dard two-dimensional sonographic measurement of ventricular 
diameter at the level of the atria is 2–3 mm larger in male fe-
tuses (13). This observation is critical, as fetal ventriculomegaly 
is frequently encountered at MRI, either as a primary reason 
for the referral or as a secondary finding associated with nonce-
rebral abnormalities (14). The difference in ventricular volume 
between fetuses of different sexes suggests that this variable 
should be considered in the evaluation of ventriculomegaly.

Hemispheric asymmetries were observed for a variety of 
structures. The leftward asymmetry of the cortex and the left 
lateral ventricle are consistent with the observations reported 
by Andescavage et al (4) and Achiron et al (15), respectively. 
We also observed leftward asymmetry in the internal capsule 
and rightward asymmetries in the thalamus and hippocampus; 
although prior morphometric analyses of the fetal brain did 
not include these structures, the observations are consistent 
with neonatal data from Dean and colleagues (12). Our ob-
servations suggest that prenatal hemispheric asymmetries may 
be more widespread than previously believed, constituting the 
earliest evidence of functional specialization.

The use of 3.0-T imaging and superresolution reconstruc-
tion facilitate the reliable identification of the transient fetal 
white matter zones up to 31 weeks of GA; thereafter, the bor-
der between the subplate and the intermediate zone becomes 
indistinct, reflecting the histologic changes referred to as reso-

lution of the subplate (16). As 
described by Vasung et al (17), 
at ex vivo imaging, the subplate 
undergoes rapid growth in the 
second trimester, with a peak 
near 30 weeks of GA. We ob-
served a higher weekly rate of 
growth for the intermediate 
zone, which stems from the ac-
tive radial neuronal migration 
taking place in the late second 
trimester. We did not find sex-
related differences or lateral 
asymmetries in the volume of 
the subplate; this contrasts with 
Vasung et al, who found larger 
subplate zones in male fetuses 

Table 3: Mean Volume Increase Per Gestational Week

Structure
Volume Increase per  
Gestational Week (%)*

Intracranial volume 11.7 (11.1, 12.2)
 Cerebrospinal fluid 9.6 (8.9, 10.3)
 Lateral ventricle 5.5 (4.8, 6.1)
 Brain parenchyma 12.9 (12.4, 13.4)
  Cortical plate 14.4 (13.9, 14.9)
  Hemispheric white matter 13.8 (13.1, 14.6)
  Proliferative compartments 4.9 (4.4, 5.4)
   Ventricular zone 4.4 (3.8, 4.9)
   Ganglionic eminence 9.1 (8.4, 9.7)
  Corpus callosum 10.4 (9.8, 11.0)
  Internal capsule 15.5 (14.3, 16.7)
  Fornix 8.2 (7.5, 8.9)
  Amygdala 13.0 (11.7, 14.3)
  Deep gray matter 12.6 (12.2, 13.1)
   Caudate nucleus 7.3 (6.6, 8.0)
   Lentiform nucleus 14.2 (13.5, 15.0)
   Thalamus 13.9 (13.4, 14.4)
  Hippocampus 9.5 (9.1, 10.0)
  Hippocampal commissure 2.0 (0.9, 3.1)
 Brainstem 9.8 (9.3, 10.2)
 Cerebellar hemisphere 19.4 (18.7, 20.1)
Fetal white matter transient zones 

subanalysis†

Hemispheric white matter (,31 weeks of 
GA)

 Subplate 15.7 (14.6, 16.8)
 Intermediate zone 25.2 (23.1, 27.4)

Note.—Data in parentheses are 95% CIs.
* Estimates centered at 31 weeks of gestational age (GA).
† Fetal transient white matter zones subanalysis for GA ,31 
weeks (estimates centered at 26 weeks).

Figure 4: Heat maps show volumetric age-related change. Weekly age-related percentage change is overlaid in a 
35-week-old male fetus. (A) Axial and (B) coronal heat maps show region-specific changes, which range from 2%  
(yellow) to 19% (red) for all evaluated structures.
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in the limbic, occipital, and frontal lobes and in the left infe-
rior frontal gyrus. It is likely that the differences reported by 
Vasung et  al are localized to the segments mentioned earlier 
and are therefore below the threshold for detection with our 
global zonal segmentation.

This study has several limitations. First, our sample size is 
limited and carries a risk of type 2 error. However, our sample 
consists of a carefully curated cohort of typically developing 
fetuses, which makes these observations particularly valuable 
for the field. Second, atlas-based segmentations for small, 

Figure 5: Subanalysis of the fetal hemispheric white matter transient zones in fetuses younger than 31 weeks of gestational age. (A) Plot shows 
volumetric age-related change for the fetal white matter transient zones (subplate and intermediate zone). (B) Heat map depicts weekly age-related 
change of the subplate (25.2%) and the intermediate zone (15.7%) overlaid in a 25-week-old female fetus.

Table 4: Mean Volume Differences according to Sex

Structure Mean Volume Difference (%)* P Value†

Intracranial volume 9.0 (3.3, 15.0) .006
 Cerebrospinal fluid 8.5 (1.0, 16.6) .078
 Lateral ventricle 22.1 (10.9, 34.4) ,.001
 Brain parenchyma 9.2 (3.6, 15.1) .003
  Cortical plate 5.3 (20.7, 11.7) .246
  Hemispheric white matter 11.3 (3.6, 19.4) .009
  Proliferative compartments 7.7 (1.6, 14.3) .042
   Ventricular zone 8.5 (2.0, 15.4) .027
   Ganglionic eminence 2.3 (24.0, 9.0) ..999
  Corpus callosum 12.9 (6.0, 20.3) ,.001
  Internal capsule 10.6 (20.8, 23.3) .207
  Fornix 7.2 (0.0, 15.0) .153
  Amygdala 11.8 (20.2, 25.2) .165
  Deep gray matter 6.4 (1.5, 11.7) .033
   Caudate nucleus‡ 3.7 (21.3, 8.8) .438
   Lentiform nucleus 7.5 (0.3, 15.2) .126
   Thalamus 7.4 (2.0, 13.1) .018
  Hippocampus 3.4 (21.2, 8.3) .459
  Hippocampal commissure 10.1 (21.8, 23.5) .294
 Brainstem 5.5 (1.0, 10.2) .051
 Cerebellar hemisphere 12.4 (4.8, 20.5) .003
Fetal white matter transient zones subanalysis§

Hemispheric white matter (,31 weeks of GA)
 Subplate 2.2 (25.8, 10.8) ..999
 Intermediate zone 5.5 (25.0, 17.2) .945

Note.—Data in parentheses are 95% CIs.
* Estimates for male fetuses compared with female fetuses, centered at 31 weeks of gestational age (GA).
† Bonferroni correction for multiple comparisons.
‡ Denotes a different rate of change (interaction between GA and sex).
§ Fetal transient white matter zones subanalysis for GA ,31 weeks (estimates centered at 26 weeks).
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narrow structures (eg, the corpus callosum) in younger fetuses  
(,27 weeks of GA) have been demonstrated to have lower ac-
curacy. Such structures are susceptible to partial volumes be-
cause their size is comparable with that of the spatial resolution 
of in vivo fetal MRI at an early GA (2). Third, the demographic 
and socioeconomic composition of our sample does not mirror 
that of the general population. Our study had an overrepresen-
tation of White participants when compared with the general 
population (18). Similarly, the highest level of education at-
tained by our participants was considerably higher than that of 
the general population (all of our participants had some educa-
tion above high school, while that is the case for only 63% of 
women in the United States) (19).

In conclusion, volumetric growth of the fetal brain follows 
a complex trajectory that is dependent on structure, gestational 
age, sex, and laterality. Longitudinal studies that have a larger 
sample size and greater racial diversity and that control for so-
cioeconomic factors are necessary to fully describe normative 
fetal age-related change. However, recognition of the normal 
rate of fetal brain development presented in this study may aid 
prenatal diagnosis and counseling.
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