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A B S T R A C T

Objective: This study aims to investigate variances in renal ultrasound parameters between fetuses
experiencing fetal growth restriction (FGR) and those with normal intrauterine development,
with the intent to offer actionable insights for clinical management.
Method: Forty-five pregnant women diagnosed with FGR between 28 and 36 weeks of gestation,
who underwent examination at Wenzhou People’s Hospital from September 2021 to June 2023,
constituted the FGR group. Concurrently, 65 pregnant women with normal intrauterine devel-
opment at matching gestational weeks formed the control group. Renal ultrasound parameters,
encompassing renal artery peak systolic velocity (PSV), end diastolic velocity (EDV), time aver-
aged maximum velocity (TAMX), resistive indices (S/D, PI, RI), ratios of renal volume to gesta-
tional age (RV/WEEK) and estimated fetal weight (RV/EFW), vascular indices (VI, FI, VFI), were
compared between the two groups. All parameters represented the mean values of bilateral
kidneys.
Result: In the FGR group, fetal renal artery PSV (37.71 ± 9.93 cm/s), EDV (6.19 ± 1.50 cm/s),
TAMX (15.10 ± 3.83 cm/s), RV/WEEK (0.45 ± 0.12), RV/EFW (7.53 ± 3.24), VI (22.19 ±

15.00), and VFI (5.53 ± 3.63) were significantly lower compared to the control group (PSV: 47.11
± 11.24 cm/s, EDV: 7.13 ± 2.00 cm/s, TAMX: 17.85 ± 3.85 cm/s, RV/WEEK: 0.66 ± 0.19, RV/
EFW:9.20 ± 3.17, VI: 28.67 ± 14.72, VFI: 7.40 ± 3.68). Conversely, fetal renal artery resistive
indices (S/D: 9.09 ± 2.58, PI: 2.71 ± 0.56, RI: 0.92 ± 0.04) in the FGR group were notably higher
than those in the control group (S/D: 6.22 ± 1.93, PI: 2.20 ± 0.73, RI: 0.87 ± 0.04), with sta-
tistical significance (P < 0.05). No significant difference was found in renal FI between the FGR
group (26.78 ± 6.59) and the control group (26.89 ± 5.82) (P > 0.05). Receiver operating
characteristic (ROC) curve analysis revealed higher diagnostic efficacy for RV/WEEK and RI
among individual indicators, while combined parameter application yielded the highest diag-
nostic efficiency.
Conclusion: Utilizing a comprehensive evaluation of fetal kidney ultrasound parameters with
multiple indices facilitates early screening and diagnosis of FGR fetuses, thereby aiding clinical
decision-making and enhancing newborn birth outcomes.
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1. Introduction

Fetal Growth Restriction (FGR) is defined as a condition where a fetus fails to achieve its genetically determined growth potential,
resulting in a birth weight below the 10th percentile for gestational age [1]. FGR is a common and important clinical issue during the
perinatal period, affecting approximately 10–15 % of all pregnancies [2,3]. The impact of FGR extends far beyond the immediate
perinatal period, making it a critical area of focus in obstetrics and neonatology [4]. The etiology of FGR is multifactorial and complex,
involving an intricate interplay of maternal, fetal, and placental factors [5]. Maternal factors contributing to FGR can include hy-
pertensive disorders, malnutrition, smoking, alcohol consumption, and certain medical conditions such as diabetes and autoimmune
diseases [6]. Fetal causes may range from chromosomal abnormalities and genetic syndromes to intrauterine infections [7]. Although
significant progress has been made in the diagnosis and management of FGR over the past decades, its importance in perinatal
maternal and infant mortality remains significant [8]. FGR is not only a major cause of perinatal maternal and infant mortality, but it
can also lead to various health problems during the neonatal period and even impact health in adulthood [9]. However, the early
diagnosis and management of FGR still pose significant challenges [10].

The occurrence of FGR leads to changes in the fetal blood circulation, which becomemore pronounced in the middle and late stages
of pregnancy [11]. The changes in various blood flow parameters are closely related to the regulatory mechanisms that occur during
hypoxia, where the blood supply to vital organs such as the heart and brain is prioritized, while the blood supply to peripheral organs
(such as the kidneys) is relatively reduced [12]. It is worth noting that the developmental stage of the fetal renal vasculature is crucial
for the fetal renal blood circulation. This redistribution of blood flow, often referred to as the “brain-sparing effect” is a key adaptive
mechanism in FGR [13]. While this adaptation may be beneficial in the short term for protecting vital organs, it can have long-term
consequences on the development and function of other organs, including the kidneys [14]. The impact on renal development is of
particular interest, as it may contribute to the increased risk of hypertension and renal dysfunction observed in individuals who
experienced FGR [15]. The fetal kidney plays a crucial role in amniotic fluid production and regulation, which is essential for normal
fetal development and lung maturation. Furthermore, proper kidney development during fetal life is critical for long-term renal health.
The nephrons, the functional units of the kidney, are formed during fetal development, and their number is largely determined by
birth. FGR can potentially lead to a reduced number of nephrons, which may predispose individuals to hypertension and chronic
kidney disease later in life [16].

The diagnosis of FGR typically relies on prenatal ultrasound examination. In recent years, the application of color Doppler ul-
trasound to fetal blood vessels, including the umbilical artery, middle cerebral artery, and ductus venosus, has enhanced the assess-
ment of fetuses with FGR [17]. However, there is a paucity of research comparing renal characteristics between FGR fetuses and those
with normal growth. Renal blood supply is one of the most crucial factors influencing kidney development [18]. Current fetal kidney
assessment predominantly employs two-dimensional ultrasonography to measure renal diameters, which are subsequently utilized in
volumetric calculations. Some practitioners limit their evaluation to kidney length and thickness measurements, but these parameters
alone are insufficient indicators of comprehensive kidney development [19]. Furthermore, the literature on three-dimensional ul-
trasound technology in fetal kidney evaluation remains limited. The application of traditional single ultrasound parameters is con-
strained by their suboptimal sensitivity and specificity, which may not accurately reflect the overall condition of the fetus [20].
Therefore, it is necessary to consider multiple factors to improve the accuracy and reliability of the diagnosis. As medical technology
has advanced, an increasing number of studies have focused on the role of fetal multi-parameter ultrasound assessment in the diagnosis
and management of FGR [21,22]. Fetal renal multi-parameter ultrasound assessment, as an emerging diagnostic tool, has attracted
widespread attention in FGR research and clinical practice [23,24]. This method, through the comprehensive evaluation of multiple
indicators such as kidney size, morphology, and hemodynamic parameters, can more fully assess the growth and development status of
the fetus. Therefore, observing and comparing the differences in renal ultrasound multi-parameters between FGR fetuses and healthy
fetuses is of great importance for clinical diagnosis and management of FGR.

This study aimed to explore the potential value of fetal renal multi-parameter ultrasound assessment in the diagnosis and clinical
management of FGR, evaluate its guidance for the accuracy of FGR diagnosis and clinical management, and provide new insights and
methods to improve the prognosis of FGR patients and enhance the quality of newborn infants.

2. Materials and methods

2.1. General information

The Research Ethics Committee of Wenzhou People’s Hospital approved this retrospective study (approval no. 2023–283) and
waived the need for written informed consent.

This study was conducted from September 2021 to June 2023 at Wenzhou People’s Hospital. Forty-five pregnant women with FGR
at 28–36 weeks of pregnancy were selected as the FGR group, and 65 pregnant women with normal fetal growth at 28–36 weeks of
pregnancy were randomly selected as the control group. All pregnant women were healthy, with mean ages of (29.68 ± 4.35) years
and (29.92 ± 3.99) years, and mean gestational weeks of (33.77 ± 2.74) weeks and (33.80 ± 2.68) weeks, respectively. There was no
statistically significant difference in age and gestational weeks between the two groups (P > 0.05). Inclusion criteria for fetuses in the
FGR group: ① single pregnancy, live fetus,② fetal body weight lower than the 10th percentile of normal fetuses of the same gesta-
tional age,③ ultrasound examination did not show any structural abnormalities in the fetus. Exclusion criteria:① Twin or multiple
pregnancies,② previous history of low birth weight, fetal macrosomia, or fetal growth restriction,③ pregnancy complications such as
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gestational diabetes, preeclampsia, etc., ④ other maternal or fetal complications that may affect fetal growth or development, ⑤
pregnant women who cannot fully cooperate with the examination.

2.2. Instruments and equipment

Ultrasound examinations were performed using a Voluson E8 color Doppler ultrasound system produced by GE Healthcare. The
Voluson E8 is equipped with advanced technologies such as a real-time four-dimensional Doppler color ultrasound diagnostic system,
high-resolution blood flow imaging technology, and volume contrast imaging technology. Two specialized probes were employed in
this study: the Voluson C1-5-D convex array probe, operating within a frequency range of 3.5–5.0 MHz, and the three-dimensional
(3D)/four-dimensional (4D) (RAB6-D) probe, with a frequency range of 2.0–8.0 MHz. These frequency ranges are widely utilized
in obstetric and fetal imaging applications, as they offer an optimal balance between penetration depth and resolution, facilitating
precise visualization of fetal anatomy and vasculature.

2.3. Methods and observation indicators

Firstly, two-dimensional ultrasound examination was performed on the selected two groups of pregnant women to exclude fetal
structural abnormalities. The fetal growth parameters, including biparietal diameter, head circumference, abdominal circumference,
and femur length, were measured to obtain the estimated fetal body weight (EFW). Then, fetal kidney ultrasound multi-parameter
examination was performed, including color Doppler ultrasound examination of renal arteries and three-dimensional power
Doppler ultrasound examination of kidneys. Renal artery blood flow detection: Bilateral fetal renal assessment was conducted using
color Doppler ultrasound. The angle between the Doppler sound beam and the blood vessel was less than 30◦, and the spectrum was
recorded for at least 5 stable cycles before freezing the measurement [25]. The parameters measured included peak systolic velocity

Fig. 1. Color Doppler spectrum of the renal artery of a fetus in the FGR group.

Q. Wang et al.



Heliyon 10 (2024) e36687

4

(PSV), end diastolic velocity (EDV), time averaged maximum velocity (TAMX), systolic maximum velocity/diastolic end velocity
(S/D), pulsation index (PI), and resistance index (RI) (Figs. 1–2). Kidney 3D Power Doppler Ultrasound Detection: Using an abdominal
volume probe in 3D Power Doppler ultrasound (3D-PDUS) mode, a comprehensive scan of bilateral fetal kidneys was performed. A
virtual organ computer-aided analysis (VOCAL imaging) program was used to select a section every 30◦, rotate a total of 6 sections,
manually draw the envelope line of the observed kidney (Figs. 3A and. 4A), and the computer automatically generated a histogram and
calculated the Renal Volume (RV), Vascular Index (VI), Flow Index (FI), and Vascular Flow Index (VFI) of the kidneys (Figs. 3B and.
4B). Bilateral renal measurements were obtained for all indicators, and the mean values of these data were utilized. Data on various
parameters from the two groups were collected and analyzed.

2.4. Statistical methods

SPSS 21.0 statistical software was used for data processing and statistical analysis. Quantitative data were represented as mean ±

standard deviation (mean ± SD). Independent-samples t-tests were used to assess inter-group differences. Receiver operating char-
acteristic (ROC) curve analysis was performed to evaluate the diagnostic efficacy of the parameters. The Intraclass Correlation Co-
efficient (ICC) was used to evaluate the consistency of measurements between two sonographers. A significance level of P < 0.05 was
considered statistically significant for all tests.

3. Results

3.1. Comparison of indicators between two groups of fetuses

The PSV, EDV, and TAMX of the renal artery in the FGR group were lower than that in the control group, and the S/D, PI, and RI of
the renal artery were higher than those in the control group, with statistical significance (P < 0.05), as shown in Table 1.

Fetal kidneys gradually increase in size with gestational weeks. To ensure reliability and stability, the ratio of renal volume to
gestational weeks (RV/WEEK) and the ratio of renal volume to estimated fetal weight (RV/EFW) were used as indicators for

Fig. 2. Color Doppler spectrum of the renal artery of a fetus in the control group.
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comparison. The FGR group had lower fetal RV/WEEK, RV/EFW, VI, and VFI than the control group, and the difference between the
two groups was statistically significant (P < 0.05). There was no statistically significant difference in renal FI between the two groups
of fetuses (P > 0.05), as shown in Table 1.

Fig. 3. Three-dimensional power Doppler ultrasonography images of the fetal kidney in the FGR group. (A) Manual delineation of the kidney’s
envelope. (B) Automatic generation of a histogram and computation of parameters.

Fig. 4. Three-dimensional power Doppler ultrasonography images of the fetal kidney in the control group. (A) Manual delineation of the kidney’s
envelope. (B) Automatic generation of a histogram and computation of parameters.

Table 1
Comparison of indicators between two groups of fetuses.

Parameter Control group FGR group t P

PSV (cm/s) 47.11 ± 11.24 37.71 ± 9.93 4.519 <0.001
EDV (cm/s) 7.13 ± 2.00 6.19 ± 1.50 2.799 0.006
TAMAX (cm/s) 17.85 ± 3.85 15.10 ± 3.83 3.688 <0.001
S/D 6.22 ± 1.93 9.09 ± 2.58 6.667 <0.001
PI 2.20 ± 0.73 2.71 ± 0.56 3.921 <0.001
RI 0.87 ± 0.04 0.92 ± 0.04 7.156 <0.001
RV/WEEK 0.66 ± 0.19 0.45 ± 0.12 7.359 <0.001
RV/EFW 9.20 ± 3.17 7.53 ± 3.24 2.691 0.008
VI 28.67 ± 14.72 22.19 ± 15.00 2.254 0.026
FI 26.89 ± 5.82 26.78 ± 6.59 0.088 0.930
VFI 7.40 ± 3.68 5.53 ± 3.63 2.644 0.009

Q. Wang et al.
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3.2. Diagnostic efficacy of indicators

The diagnostic efficacy of each indicator individually and in combination was calculated using the ROC curve analysis to determine
the area under the curve (AUC) for each indicator individually and in combination. The AUC of the above indicators was greater than
0.6, indicating appreciable diagnostic value. Among individual indicators, RV/WEEK and RI exhibited superior diagnostic efficacy
when evaluated based on sensitivity, specificity, and Youden index. The combined diagnostic approach, however, yielded the highest
AUC, sensitivity, specificity, and Youden index, demonstrating optimal overall diagnostic performance. The ROC curve is shown in
Fig. 5, and the specific diagnostic effectiveness is shown in Table 2.

3.3. Interobserver agreement test for parameter measurements between two sonographers

Table 3 presents the results of the interobserver agreement test for parameter measurements conducted by two sonographers. The
ICC test results for the consistency of measurements across all parameters by the two sonographers showed that the ICC values were
greater than 0.8 for all parameters. This indicates a high level of agreement between the two sonographers in their measurements of all
parameters.

4. Discussion

Compared to fetuses with normal birth weight, FGR fetuses have a 4–8 fold increased risk of perinatal death [26]. Unintervened
FGR fetuses may experience various sequelae after birth, including behavioral and cognitive impairments in childhood, which can
increase the risk of disease in adulthood and have far-reaching impacts on society and families [27]. With the continuous development
of society in recent years, eugenics and fetal eugenics have become increasingly concerned. Given the ongoing societal progress, there
is a growing concern regarding eugenics and fetal eugenics. Consequently, early assessment of fetal developmental status, timely
diagnosis of FGR, and provision of appropriate interventions have become focal points and challenges for obstetric medical practi-
tioners [28].

Ultrasound is the best examination method for monitoring the fetal development status in the uterus. Due to its advantages of non-
invasive and high accuracy, it has become the first choice for clinical imaging examinations of pregnant women [29,30]. In the past,
the diagnosis of FGR fetuses mainly relied on regular prenatal examinations and ultrasound monitoring of fetal growth. However, due
to various factors such as menstrual cycle disorders in pregnant women and those with unclear last menstrual cycle, errors are prone to
occur [31]. In recent years, there has been a tendency to increase the monitoring and diagnosis of fetal color Doppler blood flow in FGR
fetuses, including umbilical arteries, middle cerebral arteries, etc [32]. However, the umbilical artery may exhibit false positives or
false negatives due to limb compression and the influence of amniotic fluid volume [32]. The middle cerebral artery may exhibit
bidirectional spectral changes during hypoxia, and the spectral characteristics in the middle and late stages of hypoxia are similar to
those of a normal fetus, which can easily lead to missed diagnosis [33]. So exploring new research methods for diagnosing FGR fetuses
with low levels of interference has become a cutting-edge topic and focus in contemporary society. The long-term effects of growth
restriction on fetuses will inevitably lead to a redistribution of blood flow, with the aim of ensuring blood supply to important organs
and reducing blood supply to peripheral blood vessels [34]. Research suggests that the kidneys are the earliest organs affected by
microcirculation damage [35]. There have been few research reports on fetal kidneys in the past, and fetal kidneys, as parenchymal
organs, are less disturbed by ultrasound observation in the uterus [36]. So this study mainly compares the differences in multiple
kidney parameters between FGR fetuses and normal fetuses, and determines whether real-time ultrasound examination of fetal kidneys
can diagnose FGR fetuses early.

The growth and development of various organs in the fetus require blood circulation supply, and the blood supply of normal fetal

Fig. 5. ROC curves of diagnostic efficiency of each parameter for FGR detection.
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organs needs to operate in the best proportion according to the needs of various systems. The kidney is one of the most abundant organs
for fetal blood flow perfusion, with 3 %–7 % of fetal cardiac output flowing to the kidney [37]. One of the most important factors
affecting fetal kidney development is the blood supply to the kidney. The changes in renal artery blood flow spectrum can compre-
hensively evaluate changes in renal function, reflect fetal intrauterine conditions more comprehensively, and help guide early clinical
treatment and improve adverse fetal prognosis [38]. The main representative of peripheral blood vessels is the renal artery, which
reflects the blood flow status of the lower part of the fetal body. Insufficient blood supply to FGR fetuses can easily lead to intrauterine
fetal distress. The generation of neuroprotective effects leads to a decrease in renal perfusion blood flow, with renal blood vessels in a
contracted state, and an increase in RI, PI, and S/D values. At the same time, the indicators increase with the severity of intrauterine
distress [39]. Our results showed that FGR fetuses had lower renal artery PSV, EDV, and TAMX, and higher S/D, PI, and RI compared to
the control group. When comparing our findings to the normal reference values presented in Table 4, we observe notable deviations in
the FGR group. For instance, our FGR group showed a mean PSV of 37.71 ± 9.93 cm/s, which is considerably lower than the normal
ranges reported by Afsari et al. [40] and Laag et al. [41]. This reduction in PSV aligns with the findings of Stigter et al. who observed
significantly lower PSV values in the renal arteries of fetuses with severe FGR [42]. The increased S/D, PI, and RI values in our FGR
group also deviate from the normal ranges. Our FGR group showed mean values of S/D: 9.09 ± 2.58, PI: 2.71 ± 0.56, and RI: 0.92 ±

0.04. These are notably higher than the normal ranges reported by Afsari et al. [40] and significantly higher than those reported byWu
et al. [43]. These results suggest that in the normal fetal group, renal blood flow increases with gestational age, accompanied by
gradual renal vascular development, increased vessel diameter, decreased blood flow resistance index, and continuous blood flow
enhancement to meet fetal growth and developmental requirements. However, in fetuses with FGR, renal artery indicators change as
hypoxia intensifies, with the impact increasing proportionally to gestational age and hypoxic severity. Consequently, renal vascular
development is compromised, resulting in reduced vessel diameter, vasoconstriction, increased blood flow resistance index, and
gradually diminished blood flow perfusion, which fails to meet fetal growth and developmental needs. Therefore, it is necessary to
strengthen timely monitoring of renal artery blood flow parameters during pregnancy for such fetuses.

Pathological changes in the fetal kidney often occur in the second half of pregnancy, and changes in the size and morphology of the
fetal kidney can provide useful prognostic information [44]. In the past, measurements of kidney size were only made through
two-dimensional three-way measurements, which may have errors due to factors such as fetal position. 3D-PDUS can be combined
with virtual organ computer-aided analysis software to obtain parameter values of internal blood flow in the area of interest, including
RV, VI, FI, and VFI. The kidneys are also substantial organs, and the examination of fetal kidneys using 3D-PDUS provides us with
direction. Our 3D-PDUS analysis revealed lower RV/WEEK, RV/EFW, VI, and VFI in the FGR group. These results align with the
findings of Chang et al. who confirmed the impact of fetal growth restriction on renal volume [45]. The normal fetal kidney volume
increases with gestational age, and the fetal body weight also increases accordingly. Therefore, comparing RV/WEEK and RV/EFW
between two groups is more reliable and accurate. The ratio of these two items in the FGR group is significantly lower than that in the

Table 2
Diagnostic efficacy of individual and combined application of parameters.

Parameter AUC Sensitivity(%) Specificity(%) Youden index Cutoff value

RV/WEEK 0.835 84.4 70.8 0.552 0.555
RV/EFW 0.701 66.7 70.8 0.375 7.260
VI 0.633 71.1 56.9 0.280 27.770
VFI 0.650 66.7 61.5 0.282 6.445
PSV 0.743 57.8 80.0 0.378 38.600
EDV 0.634 80.0 49.2 0.292 7.150
TAMAX 0.715 82.2 53.8 0.360 17.470
S/D 0.812 57.8 90.8 0.486 8.965
PI 0.771 82.2 63.1 0.453 2.270
RI 0.836 80.0 70.8 0.508 0.885
Joint prediction 0.973 91.1 92.3 0.834 0.565

Table 3
Interobserver agreement test for parameter measurements between two sonographers.

Parameter Sonographer A Sonographer B ICC (95 % CI) P

PSV (cm/s) 43.27 ± 11.64 42.62 ± 11.65 0.813(0.739–0.868) <0.001
EDV (cm/s) 6.74 ± 1.86 6.86 ± 1.80 0.847(0.785–0.893) <0.001
TAMAX (cm/s) 16.72 ± 4.06 16.21 ± 4.23 0.864(0.807–0.904) <0.001
S/D 7.39 ± 2.62 7.44 ± 2.74 0.914(0.877–0.940) <0.001
PI 2.41 ± 0.71 2.43 ± 0.71 0.889(0.843–0.923) <0.001
RI 0.89 ± 0.05 0.88 ± 0.06 0.831(0.763–0.881) <0.001
RV/WEEK 0.57 ± 0.19 0.58 ± 0.19 0.913(0.875–0.939) <0.001
RV/EFW 8.52 ± 3.29 8.37 ± 3.30 0.855(0.796–0.899) <0.001
VI 26.02 ± 15.11 25.98 ± 15.20 0.864(0.808–0.905) <0.001
FI 26.85 ± 6.12 27.10 ± 6.29 0.909(0.870–0.937) <0.001
VFI 6.64 ± 3.75 6.97 ± 3.78 0.898(0.855–0.929) <0.001

Q. Wang et al.



Heliyon 10 (2024) e36687

8

normal fetal group, indicating that the fetal kidney of FGR has insufficient energy supply, delayed development. Moreover, the degree
of renal impairment caused by FGR is more pronounced compared to the changes in fetal body weight, suggesting that FGR has a
substantial impact on fetal kidney development. The VI and VFI of the FGR group were lower than those of the control group, indi-
cating a decrease in the number and diameter of blood vessels in the kidneys, leading to insufficient blood perfusion and affecting the
growth and development of the kidneys. These findings demonstrate a correlation between the quantitative analysis parameters of
three-dimensional power Doppler ultrasound and renal blood flow in FGR fetuses. This technology can be utilized to evaluate fetal
kidney risk and predict FGR, making it an effective tool for early diagnosis of FGR and playing a crucial role in assessing fetal growth
and development. There was no significant difference between the two groups of FI, possibly because it only reflects blood flow in-
tensity rather than perfusion degree, and insufficient perfusion directly leads to renal development obstruction. Therefore, the
application of three-dimensional power Doppler ultrasound in fetal kidneys can effectively reduce misdiagnosis and missed diagnosis
rates, improve diagnostic accuracy, and contribute to the prevention and reduction of clinical mortality in newborns.

Through the research of the FGR group and control groupmentioned above, it was found that multiple indicators of the kidneys can
assist in diagnosing the renal development status of the two groups of fetuses. The diagnostic value of each indicator is assisted by the
ROC curve. Among the individual indicators, RV/WEEK and RI demonstrated superior diagnostic efficiency, with values of 0.835 and
0.836, respectively. These findings suggest that as gestational age advances, the growth rate of kidney volume in fetuses with FGR
decelerates, indicating progressively compromised renal blood and energy supply, coupled with an increasing renal artery resistance
index. The impact on renal blood supply becomes more pronounced over time, implying that earlier onset of FGR-induced fetal
hypoxia correlates with greater developmental impact and poorer prognosis. Consequently, early screening for FGR fetuses is crucial,
as delayed intervention may lead to serious consequences. However, the combined application of all indicators has the highest
diagnostic efficiency, reaching 0.973, with a sensitivity of 91.1 %, a specificity of 92.3 %, and a Youden index of 0.834. All these
indicators are optimal when applied in combination, providing the best approach for early diagnosis of FGR fetuses. Therefore, the
combined application of various effective indicators can increase the diagnostic value, provide timely feedback on the condition of the
fetus in the uterus, detect abnormal phenomena early, and provide protection for the healthy pregnancy of the fetus.

This multi-parameter approach to renal assessment in FGR is particularly relevant given the potential long-term implications for
kidney function. By evaluating multiple renal parameters, clinicians may gain a more nuanced understanding of how FGR affects
kidney development and function. This comprehensive assessment may include evaluation of renal size and volume, which can be
indicators of overall fetal growth and development. Doppler studies of renal arteries can offer valuable information about renal
perfusion and vascular resistance, which may be altered in FGR. The integration of these multiple parameters could potentially
improve the accuracy of FGR diagnosis, help differentiate between constitutionally small fetuses and those with true growth re-
striction, and provide prognostic information. Moreover, this comprehensive assessment may guide clinical management decisions,
such as the timing of delivery or the need for more intensive fetal monitoring.

The current study has some limitations. Firstly, the retrospective design of the study may introduce inherent biases and limit the
generalizability of the findings. Additionally, the relatively small sample size may not adequately represent the broader population,
necessitating cautious interpretation of the results. Moreover, the study predominantly focuses on fetal renal parameters, thereby
potentially overlooking the multifaceted nature of FGR pathology. Future research endeavors should strive for larger, prospective
cohorts and encompass a broader spectrum of fetal parameters to enhance the robustness and applicability of the findings.

5. Conclusions

In summary, the observation of fetal renal artery by color Doppler ultrasound and the quantitative analysis of renal volume and
blood flow perfusion by 3D-PDUS parameters can predict and evaluate FGR fetuses. Single indicators may have deviations due to
various factors, and the combination of multiple parameters is the most valuable. It is recommended to use multiple effective indicators
in combination to improve diagnostic accuracy and reliability. Early screening and diagnosis of FGR can provide clinical assistance and
guide early intervention, reduce or delay the occurrence of adverse prognosis in FGR fetuses, effectively reduce the incidence and
mortality rate of perinatal infants, and give birth to more healthy newborns. These two technologies are worthy of active promotion
and application.
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Table 4
Normal reference values for fetal renal artery Doppler parameters.

Author Parameters

PSV（cm/s） EDV（cm/s） S/D PI RI

Afsari et al. 53.43 ± 12.66 N/A 7.58 ± 3.80 2.35 ± 0.63 0.86 ± 0.05
Laag et al. 54.88 ± 15.17 12.41 ± 3.38 4.44 ± 0.71 1.47 ± 0.16 0.77 ± 0.03
Wu et al. 45.13 ± 7.45 24.17 ± 6.05 1.87 ± 0.44 1.14 ± 0.09 0.56 ± 0.09
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