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Background: Fetal intracranial volume (ICV) can help evaluate the development of the prenatal central
nervous system (CNS) from the three-dimensional (3D) attributes of the cranial structure. Accurate and rapid
segmentation and calculation of the ICV are clinically significant. Virtual organ computer-aided analysis
(VOCAL) is a commonly used method for measuring fetal ICV. However, its operation is highly complex
and time-consuming. This study aimed to optimize the fetal Smart ICV method at 16-19 gestational weeks,
verify the consistency of automatic and manual measurement of ICV, and assess an automatic and efficient
method for evaluating fetal ICV growth in the second and third trimester of pregnancy.

Methods: The ultrasound data of 950 healthy fetuses at 16-34 weeks of gestation were collected. First, the
Smart ICV algorithm was optimized at 16-19 weeks. Second, the optimized Smart ICV was compared with
the manual VOCAL method. Finally, growth curve and Z-score estimations for fetuses were established for
growth assessment via optimized Smart ICV.

Results: Compared with the nonoptimized version, the optimized Smart ICV yielded a lower Hausdorff
distance (1.15£0.25 vs. 1.31£0.93 mm, P<0.05). Both intra- and inter-observer agreements were at a high
level for ICV measurement based optimized Smart ICV [intra-observer intraclass correlation coefficient
(ICC) =0.998, 95% confidence interval (CI): 0.996-0.999; inter-observer ICC =0.991, 95% CI: 0.988-0.996]
and the 18 plane-VOCAL (intra-observer ICC =0.997, 95% CI: 0.995-0.998; inter-observer ICC =0.981,
95% CI: 0.979-0.991). Additionally, Bland-Altman analysis showed that the ICV data for the above two
models had good agreement. Nevertheless, compared with the 18 plane-VOCAL, the optimized Smart
ICV consumed less time (3.7£0.7 vs. 153.1£29.5 s, P<0.05). The best fitting model of gestational week for
the Smart ICV was a cubic function, expressed as follows: y = -44.2445 + 0.1427x° + 0.0052x’, where y is
ICV and « is the gestational week. In addition, fetal ICV showed an accelerated growth trend in the second
trimester.

Conclusions: The optimized Smart ICV showed excellent accuracy and efficiency in ICV measurements
at 16-34 gestational weeks. Our results may help to establish a best-fit growth curve for ICV. Our findings
suggest that the optimized Smart ICV method has the potential to be a reliable tool for fetal growth

assessment during the second and third trimesters.
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Introduction

The fetal central nervous system (CNS) undergoes a
complex developmental and maturation process throughout
pregnancy, which persists after birth (1-4). Fetal brain
development in the perinatal period represents a key
research area. By assessing the development of the
fetal CNS, it is possible to predict the health status and
neurodevelopmental outcome of the fetus after birth.

In the past, biparietal diameter and head circumference
measurement were commonly used to evaluate fetal brain
development (5). Compared to the indirect assessment of
the two-dimensional (2D) diameter, the fetal intracranial
volume (ICV) can help evaluate the development of the
prenatal CNS from the three-dimensional (3D) attributes
of the cranial structure. It can also be used to evaluate the
actual growth of the fetal brain directly and accurately and
to assess any abnormalities in the development of the brain.

Research has demonstrated that magnetic resonance
imaging (MRI) has excellent tissue resolution and distinct
advantages in volume measurement, and it is frequently
employed to evaluate the fetal brain volume (6). However,
MRI is relatively expensive, complex, and time-consuming.
Therefore, it has not been routinely used in clinical practice
for ICV measurement. Instead, it is often employed as
a supplementary diagnostic tool when abnormalities are
detected by ultrasound examination (7,8). VOCAL has been
applied to measure the volumes of the fetal brain and other
organs (9-13) and has considerable clinical implications, but
its operation is complex.

In recent years, with the rapid development of ultrasound
imaging technology and medical image-processing
methodology, a software tool for automatic measurement
of fetal ICV, the Smart ICV, has been developed (14). This
tool includes a function that provides automatic 3D fetal
ICV calculation for fetuses at a gestational age (GA) of
19-34 weeks (8) with a single press of a button. However,
previous studies on this technology have primarily consisted
of consistency analyses between Smart ICV and VOCAL
(8,14), and these investigations have mainly included
fetuses aged between 20 and 34 weeks, as Smart ICV is
not applicable to fetuses at an earlier GA (16-19 weeks).
However, the growth curve of fetal ICV automatically
measured via Smart ICV has not been examined.
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This study thus aimed to optimize and validate the
performance of the Smart ICV method using the 3D
ultrasound volume data of 200 cases at 16-19 weeks of
gestation. To verify its clinical efficiency, the optimized
Smart ICV was compared with the VOCAL at 16-34 weeks
of gestation. Finally, by using 950 sets of ultrasound volume
data, we established the growth curve of fetal ICV at
16-34 weeks of gestation based on the optimized Smart ICV
to analyze changes in ICV at different GAs and to provide a
more suitable basis for the diagnosis of fetal craniocerebral
abnormalities. We present this article in accordance with
the GRRAS reporting checklist (available at https://qims.
amegroups.com/article/view/10.21037/qims-24-1379/rc).

Methods
Patients

A total of 1,140 healthy pregnant women attending the
Hefei Women and Children’s Healthcare Hospital from
June 2021 to March 2023 were randomly selected. The
pregnant women were aged 22-40 (30.45+4.25) years.
Among these cases, 190 were lost to follow-up or had poor
image quality, and the remaining 950 cases were enrolled in
the study.

To be eligible for inclusion in this study, the participants
had to meet the following inclusion criteria: be pregnant
with a single fetus with a GA of 16-34 weeks (calculated
according to the last menstrual period or crown-
rump length measured by ultrasound at 11-13 weeks
of gestation). Participants were excluded from the study
if they met any of the following exclusion criteria: (I)
pregnancy complications, such as gestational diabetes,
and gestational hypertension; (II) diseases such as chronic
hypertension and systemic lupus erythematosus; (III)
a fetus with chromosomal abnormalities, structural
malformations, fetal growth restriction (FGR), etc.;
and (IV) poor imaging of the fetus due to respiratory
movement or thick abdominal wall fat. This study was
conducted in accordance with the Declaration of Helsinki
(as revised in 2013) and approved by the Ethics Committee
of the Hefei Women and Children’s Healthcare Hospital
(No. YYLL2021-yj008-02-01). Informed consent was

obtained from all the patients.
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Figure 1 Flowchart of the 3D cranial segmentation algorithm. 2D, two-dimensional; 3D, three-dimensional.

Ultrasound examination

The Nuewa R9 ultrasound imaging system with the SD8-
1U transabdominal volume probe (1-8 MHz; Mindray
Medical, Shenzhen, China) was used for the ultrasound
examination. In each examination, fetal biometry was
measured to estimate the GA, and structural screening was
also captured. The ultrasound system was operated by two
physicians with more than 5 years’ experience in prenatal
ultrasound screening.

For the 2D mode, the transthalamic cross-section was
selected as the initial plane with fixed levels for gain (=55),
frame rate (=23 frame per second), and dynamic range (=120)
to ensure the consistency of data acquisition. For the 3D
mode, the surface mode was chosen, the scanning quality
was set to high, the sampling frame was adjusted to include
the entire fetal cranium surface, and the scanning angle was
set to 50-70°. The Smart Scene 3D brain mode was then
selected, and during the acquisition of 3D ICV images, the
participants were asked to hold their breath. The “automatic
ICV measurement” option was selected under the S-Planes
CNS menu. The 3D fetal ICV images were obtained and
stored. The average value of the data was recorded after
three successive measurements.

Optimization of ICV measurement with Smart ICV at
16-19 weeks of gestation

A total of 200 healthy fetuses at 16-19 weeks of gestation
were selected for algorithm optimization (n=120) and
validation (n=80). The Hausdorff distance was applied to
evaluate the improvement of the Smart ICV algorithm in
identifying the boundary of the fetal brain.

The Smart ICV is a fast and robust software program that
segments the cranial contour and calculates the ICV in 3D
fetal ultrasound images. The algorithm flowchart is shown in
Figure 1. First, the 3D fetal brain volume data were radially
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resampled into multiple 2D planes at a fixed angle. Radial
sampling has its unique advantages: (I) since 3D ultrasound
involves fan-shaped scanning, radial sampling conforms to
the imaging principle of 3D ultrasound. (II) When carried
out with a single organ as the axis, radial sampling can
guarantee that the organ is relatively intact on each sampling
section (in contrast to slice-by-slice sampling). (III) Owing
to the constraints of the ultrasound imaging principle,
acoustic shadow artifacts will be generated behind the highly
echogenic region. Numerous artifacts can appear on the
sections sampled slice by slice, leading to segmentation
errors. However, radial sampling can reduce this artifact.
Second, each 2D plane was segmented using a graph cut
algorithm. In graph cut, the image is modeled as a graph
structure, where nodes represent pixels and the weights of
the edges reflect the similarity between pixels. By minimizing
the cost function and solving the minimum cut problem,
the graph cut can achieve effective image segmentation.
Third, the 3D segmentation mask was further reconstructed
from the masks of all the resampled 2D planes, and the ICV
measurement was calculated.

As reported previously (8,14), Smart ICV is commonly
used for the ICV calculation of fetuses at 19-34 weeks of
gestation and has shown excellent performance. Compared
to that after 20 weeks, the region of the fossa before 20
weeks differs in terms of both texture and morphology,
leading to inconsistency in the segmenting boundary.
Therefore, to improve the segmentation accuracy of the
region of fossa for fetal brains at earlier GAs, we introduced
several strategies, including redesign of edge detectors, data
augmentation, and fine-tuning of parameters to improve
segmentation performance, particularly at the boundaries
of the segmented regions. (I) We optimized the model
by employing a combination of loss functions tailored
for better boundary segmentation. The loss function we
used included edge loss, Dice loss, and focal loss. Edge
loss was incorporated to enhance the model’s focus on
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the boundaries of the segmented regions. By emphasizing
the importance of edges, the model could better capture
the fine details and reduce boundary ambiguity. Dice
loss helped maximize the overlap between the predicted
and true segmentation, improving overall segmentation
accuracy, particularly in complex regions. Focal loss was
included to address the issue of class imbalance in the
dataset. This loss function allows the model to focus on
harder-to-classify regions, thus improving segmentation in
regions where boundary detection is more challenging. (II)
To further enhance the model’s generalization capability,
we used cycle-consistent generative adversarial networks
(CycleGAN) for data augmentation. Ultrasound images
from different subjects often exhibit variations in image
characteristics due to differences in machine settings,
probes, and manufacturers. CycleGAN was employed to
learn these variations and augment the training data with
images that simulate different styles. (III) We conducted an
unsupervised pretraining of our model using large volumes
of unlabeled ultrasound images from different organs.
Through contrastive learning, the model was trained to
distinguish between different image features, even in the
absence of labeled data.

Comparison of fetal ICV measured using Smart ICV and
VOCAL

Both the optimized Smart ICV and VOCAL were employed
to validate the accuracy of the fetal ICV calculation. For
the Smart ICV, the whole process and calculation were
fully automated to single-click operation. For the VOCAL
method, three sampling settings (6, 12, and 18 planes)
were used for the ICV calculation. At each selected plane,
the boundary of the fetal brain was manually traced, and
the total ICV was reconstructed in the 3D space based
on all of the 2D delineations. This manual measurement
process was repeated three times for each participant. All
the measurement results and time duration were recorded.
Figure 2 shows the ICV measurement results derived
from the 6-plane VOCAL (Figure 2A), 12-plane VOCAL
(Figure 2B), 18-plane VOCAL (Figure 2C), and optimized
Smart ICV method (Figure 2D) on a fetus at 20 weeks of
gestation. The performance of the two methods was then
compared and analyzed.

Additionally, the data of 60 healthy fetuses at
16-34 weeks of gestation were collected to validate the
intra- and inter-observer consistency. Under the condition
that the fetal position was appropriate and relatively
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fixed, the first examiner obtained the 3D ICV images
twice to evaluate the intra-observer consistency. Without
knowing the measurement results of the first examiner,
a second examiner then obtained ICV images for the
same participants on the same day to evaluate the inter-
observer measurement consistency. The two examiners
independently obtained the ICV results using the optimized
Smart ICV. Finally, at least 2 weeks later, they obtained the
ICV using the VOCAL method.

ICV growth curve and Z-score

First, Pearson correlation analysis was used to analyze the
correlation coefficients between ICV with GA and head
circumference. Then, to analyze the growth of the fetal
ICV in the second and third trimesters, 950 cases of healthy
fetuses at 16-34 weeks of gestation were randomly selected
and divided into 19 groups of 50 cases per week. The best-
fit growth curve for the Smart ICV data was established,
and the normal range for the Z-score was then calculated.
Finally, the ICV variation trend for fetuses with different
GAs was analyzed. The best-fit growth curve for the Smart
ICV data was established, and the normal range for the
Z-score was then calculated. Finally, the ICV variation
trend for fetuses with different GAs was analyzed.

Statistical analysis

SPSS 24 (IBM Corp., Armonk, NY, USA) was used for the
statistical analysis. The normally distributed measurement
data are expressed as the mean = standard deviation (SD). If
the measurement data conformed to a normal distribution
and the variance was homogeneous, one-way analysis of
variance (ANOVA) was used for comparisons between
groups. The intra- and inter-observer consistencies were
analyzed using the intraclass correlation coefficient (ICC)
and Bland-Altman analyses, respectively. The optimal
regression model for the Smart ICV measurement was
established for the GA, and the Z-score scatter plot was
obtained. The Shapiro-Wilk test was used to verify the
normality of the Z-scores. A P value <0.05 was considered
statistically significant.

Results
Population characteristics

For the 950 healthy pregnant women, the (I) mean age was
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V (orig) =60.0 cm®

V (orig) =60.1 cm®

Figure 2 ICV data obtained at a GA of 20 weeks with the (A) 6-plane VOCAL mode, (B) 12-plane VOCAL mode, (C) 18-plane VOCAL
mode, and (D) Smart ICV. The yellow circles are the trace contours of the inner edge of the skull automatically drawn by the algorithm on

the transverse, coronal, and sagittal planes. Orig, original; ICV intracranial volume; GA, gestational age; VOCAL, virtual organ computer-

aided analysis.

30.45+4.25 years; (IT) the body mass index was 26.232.31 kg/m’;
and (III) the GA at delivery was 38+3 weeks.

Smart ICV optimization

Based on the validation dataset of 80 fetuses at earlier GAs
(16-19 weeks), each fetal ICV was processed with both
the original and optimized versions of the Smart ICV. The
18-plane VOCAL (manual annotation) was also analyzed.
The segmentation results of the optimized Smart ICV
showed a higher correlation with the 18-plane VOCAL
than did the original version, and had a lower mean
Hausdorff distance (optimized: 1.15£0.25 mm; original:
1.31£0.93 mm). Figure 3 shows the 3D mapping of the
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Hausdorff distance between the Smart ICV and 18-plane
VOCAL before and after the algorithm optimization on
a randomly selected fetal brain. Meanwhile, as seen in
Figure 4, the boundary of the fetal brain obtained by the
optimized Smart ICV was closer to the manual annotation
than was the original version, especially in the region
indicated by the red arrow.

Intra- and inter-observer measurements for Smart ICV
and VOCAL modes

For the ICV data obtained with the Smart ICV and the
6-, 12-, and 18-plane VOCAL, the ICC values for the

same observer were 0.998 [95% confidence interval (CI):
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Figure 3 Hausdorff distance of the Smart ICV (in mm) (A) before and (B) after optimization compared with that of the 18-plane VOCAL

method in a fetus at a GA of 19 weeks. ICV, intracranial volume; VOCAL, virtual organ computer-aided analysis; GA, gestational age.

V (orig) =23.8 cm®

V (orig) =22.1 cm®

Figure 4 Comparison of brain segmentation results between the optimized Smart ICV and the original Smart ICV for a fetus at 16 weeks

of gestation. (A,B) The 3D brain segmentation results of (A) the original Smart ICV and (B) the optimized Smart ICV. The yellow circles

trace the contours of the inner edge of the skull in transverse, coronal, and sagittal planes. The red arrows indicate that after the algorithm is

optimized, the boundary at the base of the skull is more accurate. Orig, original; ICV, intracranial volume; 3D, three-dimensional.

0.996-0.999], 0.962 (95% CI: 0.934-0.978), 0.982 (95%
CI: 0.968-0.989), and 0.997 (95% CI: 0.995-0.998),
respectively; meanwhile, the ICC values for two observers
were 0.991 (95% CI: 0.988-0.996), 0.941 (95% CI:
0.920-0.969), 0.951 (95% CI: 0.932-0.976), and 0.981
(95% CI: 0.979-0.991), respectively. The Bland-Altman
analysis showed that the ICV data for both modes had
good agreement, and there was no statistically significant
difference between the two modes in terms of the mean
difference, intercept of the regression equation, or slope
(P>0.05). Moreover, in terms of the mean values, the
smallest difference in the mean values and the 95% CI was
between the Smart ICV and 18-plane VOCAL (Table 1).
The ICV data obtained using these methods were in good
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agreement (Figure 5), confirming the accuracy of the
optimized Smart ICV.

The time durations for obtaining the ICV data with
the Smart ICV and the 6-, 12-, and 18-plane VOCAL
were 3.7+0.7, 80.5+11.4, 120.0+26.5, and 153.1+29.5 s,
respectively. The one-way ANOVA showed that there
were significant differences in the time duration for ICV
acquisition between the different measurement methods
(P<0.05). The Smart ICV not only required the shortest
amount of time but also had the highest inspection
efficiency compared to the VOCAL method. Among the
different VOCAL methods, the 6-plane VOCAL had
shortest duration while the 18-plane VOCAL had the
longest one due to the increased number of traced planes.
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Table 1 ICV measurement consistencies for different techniques (n=60)
Regression equation
Parameters Mean difference P value Intercept Slope
(95% Cl) P P
95% ClI P value 95% ClI P value
Smart ICV and 6-plane ICV (cm®)  -3.18 (-7.99, 1.63) 0.19 0.52 (-8.983, 9.96) 0.91 -0.03 (-0.08, 0.03) 0.37

Smart ICV and 12-plane ICV cm® -3.16 (-6.37, 0.04) 0.06

Smart ICV and 18-plane ICV (cm®  0.23 (-1.51, 1.96) 0.79

-3.75 (-10.15, 2.65) 0.24

0.004 (-0.04, 0.04) 0.83

1.24 (-2.16, 4.65) 0.47 -0.007 (-0.03,0.01)  0.49

ICV, intracranial volume; Cl, confidence interval.
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Figure 5 Bland-Altman analysis of the Smart ICV and 18-plane
VOCAL mode measurements. ICV, intracranial volume; SD,
standard deviation; VOCAL, virtual organ computer-aided
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ICV growth curve and Z-score analysis based on Smart ICV

Smart ICV correlation analysis

In the Pearson correlation analysis, the coefficients for the
correlation of ICV with GA and head circumference were
0.984 and 0.969, respectively (all P values <0.001), and the
correlation between Smart ICV and GA was stronger.

Growth curve analysis of the Smart ICV results based
on GA

We found that as the GA increased, the ICV increased.
Among the functions fitted using the different modes,
the cubic, S-curves, and quadratic curves had the highest
values R’ values of 0.982, 0.981, and 0.978, respectively.
The best-fit model for the Smart ICV with GA was the
cubic function, which is expressed as follows: y = -44.2445
+ 0.14272% + 0.0052x°, where y is the ICV, and «x is the
gestational week (Figure 6). The fetal ICV relative to GA
based on Smart ICV was established (Tzble 2), and the
growth trend of the fetal Smart ICV, obtained through the
derivative of the growth curve, was evaluated. The results
showed that the fetal Smart ICV exhibited accelerated in
growth in the second trimester, which became steady in the
late-pregnancy period (Figure 7).

Analysis of the normal range of Z-scores of the Smart
ICV based on GA

The Z-score was used to verify the goodness of fit of the
regression models. With GA and the ICV, the following
Z-scoring equation was established according to the
following regression equation:

Z-score = (measured ICV — predicted ICV) /SD of predicted ICV 1]

based on GA

The Shapiro-Wilk test was used to verify the normality
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Table 2 Fetal ICV relative to GA based on Smart ICV

GA (weeks) 5" (cm®) 50" (cm®) 95" (cm®)
16 17.40 22.58 26.29
17 23.46 27.99 33.19
18 28.89 36.42 44.69
19 38.37 45.44 57.42
20 47.44 55.65 73.71
21 60.85 68.32 85.07
22 73.95 84.51 96.26
23 86.84 97.64 114.58
24 100.50 112.08 133.57
25 119.03 138.05 148.37
26 130.38 144.40 161.94
27 151.16 167.54 201.62
28 170.06 193.43 220.95
29 183.70 215.23 238.46
30 200.33 231.97 269.27
31 221.90 255.36 290.23
32 263.17 284.75 319.24
33 281.81 305.08 335.30
34 331.64 345.33 364.22
ICV, intracranial volume; GA, gestational age.
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Figure 9 The Smart ICV Z-score as a function of GA. ICV,

intracranial volume; GA, gestational age.

of the Z-score (Figure 8). The Z-score of the ICV from
the Smart ICV calculated according to the equation above
revealed no obvious change in the trend. All the residual
changes in the SD fell within the normal range (Figure 9).
These results indicated that the regression model had a
good fit.

Discussion

Smart ICV is a fast and powerful software-based method
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that can automatically segment the brain and calculate
3D fetal ICV. In this study, 120 cases with a GA of
16-19 weeks were included for algorithm optimization,
which included redesigning the edge detector, data
enhancement, and parameter fine-tuning. In redesigning
edge detectors, we used edge loss, Dice loss, and focal loss
to optimize the model. The combined effect of these loss
functions could ensure that the model not only maintained
high overall accuracy but also excelled in segmenting
boundary regions, which is crucial for clinical applications.
With data enhancement implemented via CycleGAN, this
process enriched the diversity of the training dataset and
allowed our model to better generalize across different
datasets, improving robustness in clinical settings. We
perform fine-tuning of the parameters via unsupervised
pretraining using contrastive learning. This pretraining
step allowed the model to learn generalizable features
from ultrasound images, improving its ability to segment
3D ultrasound images with minimal labeled data. These
optimization strategies improved segmentation performance
and enhanced the segmentation accuracy of the fetal brain
fossa area at earlier GAs. Subsequently, in the algorithm
verification, when compared with the original version,
the optimized Smart ICV produced a segmentation result
closer to that of the VOCAL-18 plane, and the Hausdorff
distance was lower. This demonstrates that Smart ICV was
improved in its ability to recognize fetal brain boundaries
at 16 to 19 weeks. The early detection and diagnosis of
diseases are crucial to effective treatment, and thus there
is an inclination to conduct prenatal ultrasound structural
screening as early as is feasible. The International Society
of Ultrasound in Obstetrics and Gynecology (ISUOG) has
formulated guidelines for early-pregnancy fetal structural
screening (15). The accuracy of diagnosis of complex and
severe congenital heart disease (CHD) in early pregnancy
and the echocardiographic features of various CHDs have
been reported (16,17). Therefore, the assessment of brain
development of fetuses with CHD needs to be improved.
The expansion of the application scope of Smart ICV can
meet this clinical need.

In previous studies, the VOCAL method was often
used to measure the volume of organs (8-12). VOCAL
can accurately measure fetal ICV, but extensive training
is required in the early stage. The accuracy of the manual
characterization of ICV improves with the increase in
operator experience (18). In this study, 60 healthy fetuses
at 16-34 weeks were included to evaluate the consistency

of Smart ICV and VOCAL. Other studies (8,14) have
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conducted similar analyses and confirmed that 6-plane
VOCAL is in good agreement with the Smart ICV, reporting
a shorter examination time (8.2+4.5 vs. 121.3+19.0 s,
P<0.0001). The novelty of our study is that in addition to
analyzing the 6-plane VOCAL method, we also examined
12- and 18-plane VOCAL. With the increase of the number
of VOCAL manual delineation planes, the fitting of is more
precise and closer to the actual condition, with the 18-plane
VOCAL being superior to the 6- and 12-plane VOCAL
in this regard but requiring more time. The consistency
analysis in our study indicated that the Smart ICV and 6-,
12-, and 18-plane VOCAL groups had good intra- and
inter-observer consistency. In addition, Smart ICV and
18-plane VOCAL had the highest consistency, with Smart
ICV requiring the shorter examination time (3.7+0.7 vs.
153.1£29.5 s, P<0.05). Therefore, Smart ICV can accurately
evaluate fetal ICV and has greater examination efficiency,
which is convenient for clinical promotion. It can be applied
in the automatic evaluation of fetal ICV development in
the second and third trimesters of pregnancy, providing
additional diagnostic evidence for clinical practice.
Quantitative analysis of ICV is crucial to brain
development assessment and clinical decision-making. The
newly developed and optimized Smart ICV can achieve
accurate and automatic separation of the fetal brain, obtain
fetal ICV automatically, and reduce the time required
for manual segmentation and editing. As a result, in this
study, a large sample size (n=950) was used and provided
growth curves and percentiles of automatic ICV from a GA
of 16-34 weeks. This period is when obstetric screening
commonly occurs and can critically inform the management
of fetal brain development. In a previous VOCAL study (19),
the number of cases was not as large as that in our study due
the complexity of the VOCAL workflow. In VOCAL, the
reference axis is set manually, and multiple 2D planes (6, 12,
and 18 planes) are obtained by rotating the reference axis.
The 2D contours of the brain in all planes are manually
traced. Finally, all the 2D contours are matched to form a
3D brain volume. Even highly trained operators require
extensive time to complete the measurement of a single
ICV, which greatly limits its application in clinical studies.
In addition, the ICV growth curve and ICV growth rate
generated from the optimized Smart ICV indicated that
ICV followed a cubic growth pattern. The growth in ICV
accelerated in the second and third trimesters of pregnancy,
and the craniocerebral structure gradually developed and
improved. In our study, the ICV increased by more than
12 times from 16 to 34 weeks. Another VOCAL study (19)
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reported that from 18 to 40 weeks, ICV increased by
more than 10 times. This may be related to the complex
development and growth of the brain. During the fetal
period, the brain undergoes extensive reorganization, which
includes neuron cell proliferation, neurogenesis, gliogenesis,
cell migration, cell differentiation, synaptogenesis and
connection formation, cortical folding, and axonal
myelination (4). Ren ez 4/. (20) examined 188 fetuses ranging
in GA from 19 to 37 weeks for analysis and found that with
the change of GA, ICV followed a quadratic growth pattern.
This differs from the ICV growth pattern observed in our
study. The reasons for this may be that the gestational weeks
included were not completely overlapping, the number of
cases in each group was different, and the imaging methods
were not the same. In addition, the ICV measured by
ultrasound is smaller than that measured by MRI, and there
are some differences between these methods. As MRI has
better spatial resolution and tissue contrast, the estimated
tetal ICV may be more accurate. However, the advantages
of our approach are also significant. The Smart ICV method
can analyze ICV changes more quickly, which is conducive
to the rapid identification of abnormal fetuses and is also
suitable for earlier GAs; meanwhile, MRI is relatively time-
consuming, complicated, and expensive. In addition, due
to the small fetal brain size, poor tissue differentiation, and
frequent fetal movement at the earlier GA, MRI is often
used in the fetuses after 19 weeks in clinical practice. Only
a few studies (21,22) have explored MRI brain development
assessment in the first trimester, and one study (21) included
only fetal specimens that had already stopped developing.
Furthermore, in our study, the ICV based on 6-plane
VOCAL was greater than that based on 12- and 18-VOCAL
and on Smart ICV. Moreover, the ICV of 18-plane VOCAL
was similar to that obtained by Smart ICV. Compared with
the ICV obtained by VOCAL in a previous study (19), that
in our study was smaller, but not significantly so. This slight
discrepancy most likely stems from the disparity in the
number of planes. In our study, the growth curve adopted
was that of 6-plane VOCAL, and the number of depicted
planes was not as numerous and the fitting degree not as
accurate as that of 18-plane VOCAL. Moreover, the ICV
in our study was in line with one reported elsewhere (19),
supporting the validity of our results and confirming the
reliability of using the optimized Smart ICV method to
quantify ICV. In addition, we established a Z-score based
on Smart ICV and GA and found that SD for all residual
changes was £3. The Z-score provides accurate quantitative
evaluation of parameters and can be easily applied in clinical
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settings. The regression model can further be verified
as having a good fit if the effectiveness of the Z-score is
evaluated, which provides an accurate diagnostic basis for
clinical quantitative evaluation. The Z-score has been used
in quantitative studies of fetal heart in the past (23-27).

At any stage in the process of brain growth and
maturation, when influenced by certain unfavorable factors,
the structure and function of the brain may be altered.
Previous studies have demonstrated that in cases in which
the fetuses have FGR or CHD or in which pregnant women
have gestational diabetes mellitus (GDM) or preeclampsia
(28-31), the development of the fetal brain undergoes
changes to varying extents. Impaired placental circulation,
which leads to insufficient placental blood perfusion and
subsequently causes fetal ischemia and hypoxia, constitutes
a pathophysiological alteration in the pathogenesis of
FGR. Chronic ischemia and hypoxia in the fetus lead to
blood redistribution. Changes in brain metabolism and
remodeling of the fetal brain may directly influence fetal
brain growth and functional changes. The total brain
volume of FGR fetuses is decreased, the development of
gray matter and white matter is hindered, and the brain
tissue and connectivity are altered. The severity is mediated
by the timing of fetal damage in relation to the impact on
brain development. Among the related conditions, early-
onset FGR (occurring before 32 weeks) emerges earlier.
The extent of brain damage is broader and more complex,
manifesting as diffuse neuroinflammation. This gives rise to
diffuse white-matter damage and extensive loss of mature
myelin, thereby leading to a reduction in the number of
mature oligodendrocytes (32). For fetuses with CHD,
anatomical and hemodynamic changes impair the delivery
of nutrients to the brain, consequently resulting severe
impediments to brain development and maturation. This
optimized technology (Smart ICV) can be more readily used
to assess brain volume changes in these fetuses. Compared
with the traditional VOCAL, it has higher efficiency and
better repeatability and will be further investigated in our
future prospective studies.

Marra et al. (33) evaluated the development of the
cerebral cortex structure in healthy fetuses at 19 to
34 weeks of gestation and found that the depth of the
Sylvian fissure (SF), parieto-occipital fissure (POF), and
calcarine fissure (CF) increased significantly with greater
GA and head circumference but were more closely related
to head circumference. Meanwhile, in our study, ICV
increased significantly with the increase in GA and head
circumference. Pearson correlation analysis showed that
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the correlation coefficients between ICV and GA and head
circumference were 0.984 and 0.969, respectively. Sex may
also play a role in brain development. A fetal brain MRI
study (34) reported that the growth of brain volume and
different cranial-cerebral structures were related to GA
and sex. Mappa et a/. (35) demonstrated that sex is also
a factor in the development of the healthy fetal cerebral
cortex, exerting a more significant influence in fetuses after
28 weeks. However, in a different study (20), no significant
difference in the fetal ICV of different genders was
reported. In our study, we did not analyze the gender factor.
In the future, we can also conduct a secondary analysis
on the correlation between gender and ICV obtained via
Smart ICV.

Certain limitations to this study should be noted. First,
after 34 weeks, due to the interference of the skull shadow,
the difficulty in automatic tracing of the fetal ICV increased
while its accuracy decreased significantly. Second, our
analysis centered on the ICV based on the Smart ICV and
its changes in healthy fetuses; however, abnormal fetuses
must also be considered in future research. Third, the
accuracy of ICV can be influenced by fetal movement and
the thickness of abdominal wall fat in pregnant women,
which led to the blurring of images with numerous motion
artifacts, making it difficult for the Smart ICV to obtain
ICV data. Finally, the relationship between Smart ICV and
gender was not scrutinized, while the devices used were
restricted to a single manufacturer. However, only Mindray
has developed an ultrasound diagnostic instrument that can
automatically measure fetal ICV.

Conclusions

The study optimized the Smart ICV to render it more
suitable for the rapid acquisition of the fetal ICV at
16-34 weeks of pregnancy, thereby improving its clinical
applicability. The results of the optimized Smart ICV
showed excellent consistency with those of the 18-plane
VOCAL. The optimized Smart ICV method has the
potential to be a reliable tool for fetal growth assessment
during the second and third trimesters. Moreover, a cubic
growth curve of ICV and GA derived from a sample of
950 cases from a single center was established based on the
optimized Smart ICV.
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