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 Our study confirms the reliability of 3D ultrasonography in evaluating the volume of fetal 
brain and the growth of its structures through gestation. This is demonstrated in our growth 
curves using percentiles of fetal growth. Previous studies realized growth curves of fetal 
brain structures using MRI. Our study is the first using ultrasound technique with, to our 
knowledge, the largest number of cases ever enrolled.

 Unlike the previous data, showing lack of homogeneity in the growth response of different 
brain structures subjected to hypoxic insult, in our study the IUGR fetuses showed a 
tendency to increase the volume of all the brain structures examined. This enhanced growth 
became statistically significant for both the thalamus and the hemi-cortex. We can speculate 
that this finding is related to the vasodilatation of the cerebral circulation due to oxygen 
deficiency in IUGR fetuses. The relative greater blood supply, in the cerebral area, due to 
the reactive vasodilatation, would be required to maintain oxygen supply and enhanced 
growth. Possibly, this could also be related to the edema of these cerebral structures, due to 
the increase of vascular permeability related to the vasodilation and to the release of pro-
inflammatory vasoactive substances in response to hypoxia.

 In conclusion, our study suggests that it’s possible to obtain fetal cerebral structures 
volumetric growth curves by 3D ultrasound examination, investigating fetuses between 17 
and 39 weeks gestation. The use of tissue volumes for the construction of growth curves 
could add important informations to the biometric 2D curve. Furthermore, this study 
suggests that the fetal brain is influenced in different ways, when exposed to a specific insult 
(like oxygen deficiency in IUGR and hyperglycemia in diabetes). For those reasons the fetal 
brain can be considered a dynamic structure that changes its response depending on the type, 
amount and characteristics of the injury 
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Introduction

The development of the fetal central nervous system (CNS) is one of the most important fields of 
research in perinatology. Since the early 1980s, 3D ultrasound, and later neurosonography, have 
become research tools in obstetrics and gynecology but they have not been incorporated into routine 
fetal anomaly scanning in most centers1,2. Several studies have shown that 3D ultrasonographic 
volume evaluation is accurate with an excellent intra-observer and inter-observer reliability3. 
Furthermore, previous studies have shown that these volumes can also be used for estimating 
gestational age4,5. Finally, the advantage of 3D ultrasonography over standard 2D scanning for the 
diagnosis of fetal anomalies has been reported3,6,7. 

Of the CNS structures, thalamus, cerebellum and whole cerebrum are of special interest. 
Cerebellum is involved in a wide variety of functions such as the control of body movements and in 
neurocognitive functions8. Indeed, cerebellar lesions are associated with “cerebellar cognitive 
affective syndrome” described by Shmahmann9. The clinical interest for cerebellum developmental 
sequence is related to neuropsychiatric disorders, like autism and schizophrenia, which include 
cerebellar pathologies as part of their phenotype8. Thalami nuclei are important for a wide range of 
sensorimotor and neuropsychic functions as shown in thalamic vascular accidents10. Moreover, the 
disorders in thalamic development and volume are implicated in complex psychiatric syndromes 
and autism11. Cortex volume and brain volume were investigated in previous studies that showed 
how these structures are extremely sensitive to metabolic changes during intrauterine life12. 
Previous ultrasound studies of the brain cortex evaluated few cases and never tried to create a model 
of volumetric growth curves1-11. The first aim of this study was to realize the growth volumes 
curves for thalamus, cerebellum and fetal cerebrum, showing the correlation between volumetric 
parameters and gestational age. The second aim was to compare fetal brain volumes in IUGR 
fetuses and in fetuses of diabetic women versus controls.

Methods

A total of 361 pregnant women examined for routine obstetric ultrasound were included in this 
prospective observational study. The women’s gestational age ranged from 21 to 39 weeks and all 
cases were singleton pregnancies. Informed consent was obtained from each patient. All cases 
included in the study had a normal fetal brain anatomy and this aspect was confirmed after birth. 
Only cases without significant abnormal findings in a routine fetal anomaly scan were included in 
this study. As the following findings were not considered clinically relevant, we have enrolled two 
cases with isolated bovine aortic arch, five cases with mild pyelectasis, two cases with isolated 
single umbilical artery, 4 cases with isolated mild regurgitation of the tricuspid valve and ten cases 
with isolated hyperechogenic focus of the fetal heart. All pregnancies enrolled were correctly dated 
during the first trimester, by ultrasound. We excluded from the study all the patients for whom it 
was impossible to obtain a satisfactory 3D volume capture of the fetal head for unsuitable fetal 
position and/or unfavorable maternal habitus. Of 361 fetuses enrolled 34 were late onset IUGR 



representing 9.4 % of the sample and 15 were fetuses of diabetic mothers representing the 4.1 % of 
the sample. 

Ultrasound and sampling techniques:

All patients were scanned by two of the authors as trainer operators (G.B., G.C.) using a GE 
Voluson E10 ultrasound machine with 4-8 MHz curvilinear probe. Brain volumes were stored on 
digital device for further analysis. All volumes were acquired in axial view using the “Tomographic 
Ultrasound Imaging” (TUI) tool. The volume sample box was adjusted to include the complete fetal 
head and no magnification was used by zooming but adjusting depth. The angle volume was set at 
80° and the highest quality acquisition was chosen. Brain volumes were acquired from each patient, 
at level of BPD plane. In many cases, this acquisition of volume allowed the sampling of the 
thalamus, cerebellum and unilateral cerebrum. In some cases, to avoid ultrasound shadowing of the 
petrous process and to obtain a clear image of cerebellum, a second volume data acquisition was 
necessary. This second acquisition was obtained from the same axial plane tilting the transducer of 
15°-20° downward. Fetal volumes were acquired in absence of maternal and fetal movements. The 
multi-planar acquisition process was repeated until the established criteria were satisfied. From the 
trans-thalamic view and tilting the transducer downward, it was possible to evaluate the following 
brain structures: midline, both choroid plexus, lateral ventricles, III ventricle, thalami, inter-
hemispheric fissure, cerebral falx, distal unilateral cerebrum, insula, posterior fossa with cerebellar 
hemispheres, vermis, IV ventricle, cisterna magna and cerebral peduncles.  

Volume calculation was performed by a single operator using the “Virtual Organ Computer-aided 
Analysis” (VOCAL of GE Healthcare) or using the same application included in the 4D View 
software (GE Healthcare) for personal computer. As used in previous studies, we chose a rotation 
step of 30° obtaining 6 images of reconstruction volume. The rotation process, necessary to obtain 
volume, was started in an axial view, 0° of rotation, and finished in the same plane at 180° of 
rotation. In the middle (90° of rotation) we were able to obtain a coronal view of the structures. 
Because of the shadowing of the fetal skull at the ultrasound examination of the proximal structures, 
we evaluate the distal brain structures. In relation with the fetal position, we were able to evaluate 
the right brain structures in about half of cases and the left side in the other cases, finding not 
statistically significant differences in the detected volumes. Outlining the contours of the thalamus 
and cerebellum on six reconstruction planes we obtained a “Region Of Interest” (ROI) and thus a 
rendering with a volume expressed in cm3 (Fig. 1A, 1B, 2A, 2B). The same process was realized for 
unilateral cerebrum. For the same reasons described above, we evaluate the distal unilateral 
cerebrum that was easily recognizable (Fig. 3A, 3B). In about 25% of the cases examined the 
fetuses were actively moving and it was possible to evaluate both site of the fetal brain. Because we 
didn’t find statistically significant differences between the two hemi-structures, we decided to 
consider the global cerebrum volume doubling the volume of unilateral cerebrum. 

Statistical Analysis

Statistical analysis was performed using SPSS software. We created specific growth curves for 
thalamus, cerebellum, unilateral cerebrum and total cerebral volumes. Given the inhomogeneity of 
the sample related to the gestational ages, we plotted the growth percentiles considered (5°, 25°, 



50°, 75°, 95°) with nine classes of gestational age (class 1, 21+0; class 2, 21+1– 21+2; class 3, 21+3- 
21+6; class 4, 21+6-22+3; class 5, 22+4-25+5; class 6, 25+6-27+0; class 7, 27+1-29+6; class 8, 30+0-33+1; 
class 9, 33+2-38+5). We used smoothing techniques and a second polynomial equation for the data 
processing. Then, we performed non-parametric comparisons, with Mann-Whitney test, for several 
variables: brain structures volumes, ratio between volumes of the different examined structures 
(unilateral cerebrum/thalamic - R1, unilateral cerebrum/cerebellar - R2 and thalamic/cerebellar - 
R3) and fetal weight at birth in the diabetic versus control group and in the IUGR versus control 
group. To describe the sample, we compared APGAR at 1 minute, at 5 minutes, growth centile and 
gestational age at birth between diabetic versus control group and between IUGR versus control 
group. P<0.05 was considered significant.

Results

Of the 361 fetuses enrolled in the study, we obtained 339 thalami volumes, 275 cerebellum volumes 
and 275 unilateral cerebrum volumes because it was impossible to obtain the volumes of all 
structures for each patient. The growth curve for the thalami volumes is shown in Figure 4, for the 
cerebellum volumes in Figure 5 and the growth curve for the unilateral cerebrum/total cerebrum 
volumes in Figures 6 and 7. For the cerebellar volume (Figure 5), we choose to consider only 8 
classes for the small number of patients in the 9th class of gestational age. After the construction of 
the reference growth curves for uncomplicated pregnancies of the examined brain structures, we use 
these data as the reference for the comparison with fetuses with IUGR and fetuses of diabetic 
mothers. From statistical analysis, we found significantly larger thalamic volumes (p = 0.004) in the 
diabetic group than controls. For the ratio between structures (R1, R2, R3) and cerebellum volumes 
there were not significant differences between the diabetic group and the controls. About the 
variables “fetal weight at birth”, “APGAR score” and “centile of growth” we found not significant 
differences. Finally, the variable “gestational age at birth” was lower, as expected, in the diabetic 
group (p = 0.01) because of the incidence of the induction of labor. The same comparison with the 
same variables in the IUGR group versus the controls resulted in: significantly larger thalamic 
volumes in IUGR group versus control (p=0.019) and no statistically significant differences were 
observed for cerebellum but increased absolute values were detected in IUGR group than controls. 
Unilateral cerebrum volumes were significantly larger in the IUGR group than control (p = 0.032), 
while ratio between structures (R1, R2, R3) did not show significant variations between the IUGR 
group and the controls. As expected, fetal weight at birth and centile of growth were significantly 
lower in IUGR group. Finally, gestational age at the birth resulted significantly lower in the IUGR 
group than controls (p= 0.001).

Discussion

Our study confirms the reliability of 3D ultrasonography in the evaluation of cerebral volumes and 
the growth of these structures through gestation10,13,14. Previous studies realized growth curves of 
fetal brain structures using MRI15. Our study is the first using ultrasound technique with, to our 
knowledge, the largest number of cases ever enrolled. The absence of the 9th class for the 
cerebellum curve can be explained by the difficulties of sampling this cerebral structure due to the 



shadow of the petrous process and the unfavorable fetal positions at later gestational ages. Unlike 
the previous data16,17,18, showing lack of homogeneity in the growth response of different brain 
structures subjected to hypoxic insult, in our study the IUGR fetuses showed a tendency to increase 
the volume of all the brain structures. This enhanced growth became statistically significant for both 
the thalamus and the unilateral cerebrum. The absolute value of the cerebellum volume was 
increased in IUGR group but did not achieve a statistical significance. In this case, the small 
number of the samples was probably responsible for the lack of statistical significance (34 cases of 
IUGR with 31 thalamic volumes and only 19 cerebellar volumes). We can speculate that this 
finding is related to the vasodilatation of the cerebral vascular district due to oxygen deficiency in 
IUGR fetuses. In fact, in our IUGR group of fetuses, we found the presence of hemodynamic 
changes essentially characterized by brain sparing in the middle cerebral artery, without signs of 
hemodynamic decompensation17-19. The relative greater blood supply, in the cerebral area, due to 
the reactive vasodilatation, would be required to maintain oxygen supply and enhanced growth.

Possibly, this could also be related to the edema of these cerebral structures, due to the increase of 
vascular permeability related to the vasodilation and to the release of pro-inflammatory vasoactive 
substances in response to hypoxia19,22. Realistically, the edema gradually decreased after birth, due 
to the disappearance of the oxygen deficiency and brain sparing. This process may be related with 
the reduced volume of these brain structures as observed in literature of post-natal studies23. The 
observed differences in the cerebral volume of IUGR cases, despite being encouraging, should be 
interpreted with caution and further studies with a larger population are necessary to confirm these 
findings.

Diabetes mellitus occurs in about 7% of pregnant women24 and represents the most serious 
metabolic alteration in pregnancy, with a significant increased risk of maternal-fetal 
complications25. The fetal brain is particularly susceptible to the maternal hyperglycemia26. 
Maternal hyperglycemia, during pregnancy, could act through three major mechanisms: hypoxia, 
oxidative stress and increased inflammation27,28. The consequences of these mechanisms of action 
at various levels can lead to permanent effects on fetal cellular physiology associated with a 
spectrum of cellular anomalies and even with schizophrenia28. The same mechanisms are 
responsible for alterations in fetal growth or fetal development. Currently, existing studies on this 
field were conducted by RMN and the brain volumes were calculated on diabetic adult subjects and 
not on the fetus in utero29. In a recent study, Hami et al analyzed the effect of maternal diabetes and 
insulin treatment on cerebellar volume and morphogenesis of the rat cerebellar cortex in the first 
two weeks after birth29. The authors concluded that diabetes in pregnancy interferes with cerebellar 
morphogenesis in rat. In the cerebellum of maternal diabetic neonatal rats, the density of Granular 
cells and Purkinje cells was increased and their number progressively decreased after birth. In our 
study the thalamic volumes resulted significantly bigger in diabetic group than control, while for 
cerebellum and unilateral cerebrum absolute values were higher in diabetes but these differences 
did not achieve the statistical significance probably in relation to the small number of cases (6 cases 
of cerebellar volumes in 15 diabetic women). Examining the other variables: “fetal weight at birth”, 
“APGAR score” and “centile of growth”, we did not find a significant difference probably in 
relation to the appropriate management of patients with gestational diabetes. Finally, the variable 
“gestational age at birth” was significantly lower in diabetic group (p = 0.01) most likely related to 



the use of labor induction in this group. Further studies with a larger population are necessary to 
confirm these results. 

In conclusion, our study suggests that it’s possible to obtain fetal cerebral structures volumetric 
growth curves by 3D ultrasound examination investigating fetuses between 17 and 39 weeks of 
gestation. The use of tissue volumes for the construction of growth curves could add important 
information to the biometric 2D curve. Furthermore, this study suggests that the fetal brain is 
influenced in different ways, when exposed to a specific insult (like oxygen deficiency in IUGR and 
hyperglycemia in diabetes). For those reasons the fetal brain can be considered a dynamic structure 
that changes its response depending on the type, amount and characteristics of the injury. For the 
future it would be interesting to continue sampling the thalamic, unilateral cerebrum and cerebellar 
volumes by increasing IUGR and diabetic cases to validate the hypotheses described above.
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Figure 1A

Multi-planar view of the thalamus: axial (as working plane), coronal and sagittal views 

Figure1B

Rendering of thalamic volume expressed in cm3 

Figure 2A

Multi-planar view of the cerebellum: axial (as working plane), coronal and sagittal views

Figure2B

Rendering of cerebellum volume expressed in cm3 

Figure 3A

Multi-planar view of the hemi-cortex: axial (as working plane), coronal and sagittal views 

Figure3B

Rendering of hemi-cortex volume expressed in cm3 

Figure 4

Thalamic volume growth curve (class 1, 21+0; class 2, 21+1– 21+2; class 3, 21+3- 21+6; class 4, 21+6-
22+3; class 5, 22+4-25+5; class 6, 25+6-27+0; class 7, 27+1-29+6; class 8, 30+0-33+1; class 9, 33+2-38+5)

Figure 5

Cerebellum volume growth curve (class 1, 21+0; class 2, 21+1– 21+2; class 3, 21+3- 21+6; class 4, 
21+6-22+3; class 5, 22+4-25+5; class 6, 25+6-27+0; class 7, 27+1-29+6; class 8, 30+0-33+1)



Figure 6

Hemi-cortex volume growth curve (class 1, 21+0; class 2, 21+1– 21+2; class 3, 21+3- 21+6; class 4, 
21+6-22+3; class 5, 22+4-25+5; class 6, 25+6-27+0, class 7, 27+1-29+6; class 8, 30+0-33+1; class 9, 33+2-
38+5)

Figure 7

Cortex volume growth curve (class 1, 21+0; class 2, 21+1– 21+2; class 3, 21+3- 21+6; class 4, 21+6-
22+3; class 5, 22+4-25+5; class 6, 25+6-27+0, class 7, 27+1-29+6; class 8, 30+0-33+1; class 9, 33+2-38+5)
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