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Abstract
Background In clinical obstetrics, many guidelines recommended the use of Doppler fetal ductus venosus blood 
flow to monitor and to manage fetal growth restriction (FGR). The ductus venosus and the pulmonary venous flow 
pattern of fetuses are similar. Umbilical artery pH (UA pH) is essential in identifying adverse pregnancy outcomes, 
particularly in fetal growth restriction cases. Nevertheless, the literature indicates that the relationship between 
pulmonary vein pulsatility index (PVPI) and UA pH in FGR cases has not been well investigated. This study aimed to 
identify the alteration in PVPI in FGR cases and evaluate the correlation between PVPI and UA pH in FGR newborns.

Methods This matched cohort study of singleton pregnancies from 28+ 0 to 40+ 0 weeks of gestation without 
congenital abnormalities included 135 cases of FGR (disease group) and 135 cases of normal growth (control group). 
The PVPI was measured at the proximal segment of the right or left pulmonary vein, approximately 5 mm from the 
left atrium wall. The umbilical artery pulsatility index (UAPI) was measured on the free umbilical cord. An elective 
cesarean section or labor induction are both options for ending the pregnancy, depending on the condition of the 
mother or fetus. Umbilical artery blood samples were collected within 5 min of delivery for UA pH measurement. SPSS 
version 20 and Medcalc version 20.1 were used for data analysis.

Results FGR cases had a significantly higher mean fetal PVPI than the control group (1.16 ± 0.26 vs. 0.84 ± 0.16; 
p < 0.01), and PVPI and UAPI were positively correlated (r = 0.63; p < 0.001). PVPI and UA pH were negatively correlated 
in FGR patients, with r = -0.68; p < 0.001. The PVPI value on the 95th percentile had a prognostic value of UA pH < 7.20 
with a sensitivity of 88.2%, specificity of 66.3%, positive predictive value of 46.9%, and negative predictive value of 
94.3%.

Conclusions There was a statistically significant difference in PVPI values in FGR cases compared to the normal 
growth group, a positive correlation between PVPI and UAPI, and a negative correlation between PVPI and UA pH. 
PVPI might have a prognostic meaning in predicting UA pH at birth.
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Introduction
With the development of color Doppler ultrasound, fetal 
vascular Doppler ultrasound has become increasingly 
important in clinical obstetric practice. Studies were 
done 20 years ago to establish the value of the normal 
fetus’s pulmonary artery and pulmonary vein pulse indi-
ces. Later research also created reference tables for vari-
ous study populations [1, 2]. The reference range for fetal 
pulmonary venous Doppler values was established by the 
study by Bahlmann et al. on 365 singleton pregnancies 
with pregnant women of Caucasian origin [3]. An inverse 
relationship between the pulmonary venous pulsatil-
ity index and gestational age was found in a study of 168 
singleton pregnancies in Vietnam that had proper fetal 
development and were between 28 and 40 weeks gesta-
tion when pulmonary vein Doppler measurements were 
taken [4]. Several studies have demonstrated that PVPI is 
a valuable criterion for predicting the outcome of surgi-
cal repair of left ventricular hypoplasia in the postpartum 
period [5]. PVPI could independently predict small for 
gestational age fetuses, and the efficacy was comparable 
to estimated fetal weight during pregnancy [6].

The Doppler indices measured from the ductus veno-
sus, umbilical arteries, cerebro-placental, and umbilico-
cerebral Doppler ratios have been shown to correlate 
with the well-being of fetal growth restriction, which 
includes umbilical artery blood pH [7–9]. Umbilical 
artery pH (UA pH) is essential for assessing adverse preg-
nancy outcomes since it predicts the risk that neurode-
velopmental problems will manifest in childhood [10]. 
There is a redistribution of fetal circulation in situations 
of FGR, so the Doppler ductus venous flow is changed, 
ranging from an increased pulsatility index to the 
absence or reversal of the A wave. The pulmonary veins’ 
Doppler flow reflects pressure in the left atrium, and its 
Doppler waveform is identical to the ductus venosus [11]. 
As a result, the fetal pulmonary vein pulsatility index 
undergoes the same alterations as the ductus venosus in 
specific fetal conditions. Likewise, several investigations 
have shown that fetal growth restriction or placental 
insufficiency increases the PVPI [12, 13]. However, no 
studies have investigated the relationship between PVPI 
and UA pH in fetal growth restriction. The present study 
was conducted with two objectives: (1) to investigate the 
change in PVPI in FGR cases and (2) to evaluate the cor-
relation between PVPI and UA pH in fetuses with FGR.

Materials and methods
This matched, prospective cohort study was conducted at 
the Da Nang Hospital for Women and Children, Danang 
City, Vietnam, from April 2017 to December 2019. The 
selection criteria for participants were as follows:

  – The group with FGR cases (disease group): 
gestational age between 28+ 0 and 40+ 0 weeks; no 
fetal morphological abnormalities in utero and also 
after birth; an umbilical artery pulsatility index above 
the 95th percentile or cerebro-placental Doppler 
ratio (CPR) below the 5th percentile for gestational 
age; and an estimation of fetal weight (EFW) and 
birth weight below the 10th percentile for gestational 
age.

 – The group with fetal growth appropriate for 
gestational age (control group): gestational age 
between 28+ 0 and 40+ 0 weeks; no fetal morphological 
abnormalities in utero and also after birth; an 
umbilical artery pulsatility index below the 95th 
percentile for gestational age; estimation of fetal 
weight and birth weight in the range of the 10th 
percentile to the 90th percentile for gestational age.

The estimation of fetal weight was based on Hadlock 
4’s formula. The newborn’s birth weight was compared 
to the Hadlock 4 reference interval. The UAPI and CPR 
reference table was applied according to the recommen-
dations of the New Zealand Maternal Fetal Medicine 
Network [14].

The sample size was calculated using the following for-
mula to estimate the proportion of the population:

 
n ≥ Z2

1−α/2
p (1 − p)

∆2

where α = 0.05; using a 95% confidence level, the value 
of Z 1-α/2 is 1.96, p = 7% (the rate of FGR), and ∆ = 0.05 
(the expected deviation between the proportion obtained 
from the sample and the proportion of the population).

The minimum sample size calculated for the FGR 
group was 100. In this study, we enrolled 135 pregnant 
women with FGR. The normal fetal growth group also 
included 135 patients.

The fetuses were closely monitored following the local 
protocol when fetal growth restriction was revealed. 
Based on Doppler alterations in the ductus venous and 
umbilical artery, the fetuses were examined by ultrasound 
once or twice a week. The Doppler values of the ductus 
venous, umbilical artery, pulmonary venous, amniotic 
fluid, and EFW were measured on each examination. 
The cardiotocography was performed immediately after 

Keywords Pulmonary vein pulsatility index, Fetal growth restriction, Umbilical artery pH, Umbilical artery pulsatility 
index



Page 3 of 11Pham et al. BMC Pregnancy and Childbirth          (2023) 23:625 

the obstetric ultrasound. The pregnancy was terminated 
when the mother had medical complications, fetal dis-
tress was detected, or the pregnancy reached the 38th 
week of gestation. Depending on the mother’s or fetus’s 
status, delivery was indicated either by elective cesarean 
section or induction of labor.

A single doctor who qualified of the Fetal Medicine 
Foundation performed all ultrasound scans using a Volu-
son S6 ultrasound machine. UAPI was measured in the 
free umbilical cord. PVPI was measured at the proximal 
segment of the right or left pulmonary vein, approxi-
mately 5  mm from the left atrium wall. The 2–3  mm 
Doppler window and an ultrasound beam angle of less 
than 30° allowed measurements and angle correction to 
be performed if the ultrasound beam angle was greater 
than 30° (Fig. 1). Doppler index measurements were per-
formed when the pregnant woman was lying still, the 
fetus had no breathing movement, and the fetal heart 
rate was regular and in the range of 120–160 beats/
minute. After three measurements that meet the speci-
fied requirements, the UAPI and PVPI are averaged. 
Fetal Doppler indices were assessed within three days 
from delivery. The classification of PVPI was based on 
the PVPI value demonstrated in normal growth fetuses 
according to current research in Vietnam as described 
elsewhere [4]. The Doppler indices during the final pre-
natal assessment were obtained for analysis of the study’s 
outcomes.

Cardiotocography (CTG) was routinely performed 
in all patients before delivery. The CTG findings were 
obtained using a fetal monitor type BT-350. According 
to FIGO guidelines published in 2015, CTG results were 
divided into three groups: normal, suspected, and abnor-
mal [15].

Umbilical artery blood samples were collected within 
5 min of delivery and sent to the laboratory within 60 min 
for arterial blood gas analysis using GASTAT 1835. The 
skin-to-skin contact technique between the newborns 
and their mothers was subsequently performed. The UA 
pH is analyzed immediately after the blood sample is 
delivered to the laboratory.

Newborn babies were weighed, and their measure-
ments were compared against the Hadlock-4 gestational 
age reference table. A pediatrician examined the new-
borns for abnormalities.

The adverse pregnancy outcome included: respira-
tory morbidity (tachypnea, neonatal respiratory distress, 
and respiratory support), an Apgar index < 7 at 5  min., 
neonatal intensive care unit (NICU) admission, and UA 
pH < 7.20.

Data analysis was performed using SPSS version 20 
and Medcalc version 20.1. The algorithms employed in 
this process included percentage calculation, statistical 
estimation, and hypothesis testing, with a statistical sig-
nificance of p < 0.5. The chi-squared test, Fisher’s test, or 
Yate correction were applied depending on the expected 

Fig. 1 The measurement of the pulmonary vein Doppler and the Doppler waveform
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frequency in each data plot. Pearson’s correlation coef-
ficient (r) was used to measure the correlation between 
the two variables. Analysis of sensitivity, specificity, posi-
tive likelihood ratio, negative likelihood ratio, positive 
predictive value, and negative predictive value was per-
formed by entering the data into a 2 × 2 table. A multiple 
linear regression model is used to estimate the value of 
a dependent variable. The adjusted R-squared coefficient 
was evaluated to assess the fit of the regression model. 
The Durbin-Watson statistic is used to assess first-order 
series autocorrelation. The result does not contradict the 
first-order series correlation assumption if the Durbin 
- Watson value is between 1.5 and 2.5. ANOVA is per-
formed to test the hypothesis regarding the model’s fit to 
the population (if sig. 0.05, the model fits the population). 
If the independent variable in the equation for the multi-
ple linear regression model is more significant than 0.05, 
that variable does not affect the dependent variable. The 
variance inflation factor (VIF) tests the multicollinearity 
assumption (if VIF < 10, there is no multicollinearity). The 
suggested model’s regression hypothesis test is then run 
with the residuals assumed to have a normal distribution 
(histogram chart, normal P-P plot of regression standard-
ized residual chart), and the linear connection is assumed 
(scatterplot chart).

The Ethics Committee in Biomedical Research of the 
Hue University of Medicine and Pharmacy approved 
the research proposal, Decision No. H2017/15. Written 
informed consent was obtained from all participants. 
The study protocol and experiments were performed in 
accordance with the Declaration of Helsinki.

Results
Table  1 shows the general characteristics of the cohort. 
There was no statistically significant difference in the 
mother’s age or gestational age at birth between the dis-
ease and control groups. However, when considering the 
following characteristics, the difference between these 
two groups was statistically significant: umbilical artery 
pulse index, birth weight at delivery, mode of delivery, 
adverse pregnancy outcome, and UA pH.

The mean value of fetal PVPI was 0.84 ± 0.16 in the 
control group and 1.16 ± 0.26 in the disease group; the 
difference was statistically significant (p < 0.01) (shown 
in Fig. 2). In the FGR group, there was a positive correla-
tion between UAPI and PVPI (r = 0.63; 95%CI: 0.52–0.72; 
p < 0.0001) (shown in Fig. 3). There was a negative corre-
lation between UA pH and PVPI in the FGR group, with r 
= -0.68 (95%CI: -0.76 – -0.58); p < 0.001 (shown in Fig. 4). 
There was no correlation between UA pH and PVPI in 
normally growing fetuses (r = -0.002; p = 0.98) (shown in 
Fig. 5).

Table  2 depicts the distribution of cases in the fetal 
growth restriction group based on the umbilical artery 
(UA) pH cut-off point of 7.20 and fetal features. When 
umbilical artery blood pH was less than 7.20, the pro-
portion of fetuses with adverse outcomes (excluding 
umbilical artery blood pH) increased to 91.2% in the 
growth restriction group, and this difference was statisti-
cally significant (p < 0.001). UA pH < 7.20 is a cut-off that 
increases the incidence of adverse pregnancy outcomes 
by 7.35 times (95% CI: 2.1–25.6; p < 0.001). A PVPI above 
the 95th percentile increased the likelihood of UA pH 
below 7.20 by 14.77 times (95% CI: 4.8–45.3; p 0.001).

Based on a distribution of the number of fetuses with 
PVPI at the 95th percentile and UA pH at the 7.20 cut-
off threshold, the diagnostic validity of PVPI was as fol-
lows: sensitivity: 88.2% (95%CI: 72.5 − 96.7%); specificity: 
66.3% (95%CI: 56.2 − 75.4%); positive likelihood ratio: 
2.62 (95%CI: 1.94–3.53 ); negative likelihood ratio: 0.18 
(95%CI: 0.07–0.45 ); AUC: 0.77 (95%CI: 0.69–0.84); posi-
tive predictive value: 46.9% (95%CI: 39.5 – 54.3%); nega-
tive predictive value: 94.3% (95%CI: 86.8 − 97.7%).

Discussions
Our matched cohort study demonstrated a significant 
change in PVPI in FGR cases and helped confirm the cor-
relation between PVPI and UA pH in fetuses with FGR. 
FGR cases account for 3–7% of all births, depending on 
each country’s race and population characteristics [16]. 
In the past three years, many professional organizations 
such as International Society of Ultrasound in Obstet-
rics and Gynecology (ISUOG), Society for Maternal-
Fetal Medicine, and American College of Obstetricians 
and Gynecologists (ACOG) have established guidelines 
for the diagnosis and management of FGR [17–19]. 

Table 1 General characteristics of the study participants
Characteristics Disease group

(n1 = 135)
Control 
group
(n2 = 135)

P

Mothers’ age (years) 30 ± 5.55 30 ± 5.54 1
Gestational age at birth 
(weeks)

35.17 ± 2.81 35.27 ± 2.97 0.78

Birth weight at delivery (gr) 1850 ± 454 2520 ± 713 < 0.001
Mode of
delivery

Vaginal 
delivery

20 (14.8%) 59 (43.7%) < 0.001

Cesarean 
section

115 (85.2%) 76 (56.3%)

Assisted 
vaginal 
delivery

0 0

Adverse
Outcomes

No 42 (31.1%) 63 (46.7%) < 0.001
Yes 93 (68.9%) 72 (53.3%)

UA pH Mean 7.23 ± 0.03 7.26 ± 0.02 < 0.001
< 7.20 34 (25.2%) 0 (0%) < 0.001
≥ 7.20 101 (74.8%) 135 (100%)

UAPI 1.13 ± 0.33 0.90 ± 0.14 < 0.001



Page 5 of 11Pham et al. BMC Pregnancy and Childbirth          (2023) 23:625 

Evaluation of fetal growth should be an essential goal of 
antenatal care. 30% of stillbirths in the late third trimes-
ter are related to fetal growth restriction or small fetuses 
of gestational age. Thus, recognizing FGR is a crucial fac-
tor that needs to be included in strategies to reduce still-
birth rates [17]. The critical elements in the flowchart for 
diagnosing and managing FGR include ultrasound weight 
estimation, evaluation of fetal vascular Doppler features, 
and routine and computerized CTG [17, 18]. However, 
the role of pulmonary Doppler has not been addressed 
in the practice guidelines of medical associations, possi-
bly because of the lack of previous case-control studies of 
pulmonary Doppler in FGR.

Some studies have demonstrated that in FGR cases, the 
fetal heart is likely to be restructured and could lead to 
later pathologies [20, 21], such as left ventricular hyper-
trophy that occurs in response to fetal hypoxia [22], and 
results in an alteration of fetal left ventricular dilatation 
and an increase in fetal left atrial pressure. The fetal pul-
monary circulatory system consists of a wide distribu-
tion of pulmonary capillaries combined with a highly 
dilated mini-vein system to compensate for endogenous 

intrathoracic pressure as the fetus breathes and pressure 
from the atria. Thus, the pulmonary venous system com-
pletely rejects pulsatility from the fetal pulmonary artery 
and creates only mild pressure at the capillary ends of 
the veins. Therefore, PVPI is mainly due to the pulsatil-
ity pressure generated by the left atrium itself when the 
heart contracts [23]. In addition, there is increased flow 
through the patent foramen ovale into the left atrium to 
favor circulation to the fetal heart and brain. The con-
sequence of this pathogenesis is an increase in PVPI in 
patients with FGR. The results of our study demonstrated 
that the mean value of fetal PVPI in the disease group 
(1.16 ± 0.26) was significantly higher than that in the con-
trol group (0.84 ± 0.16) (p < 0.001) (shown in Fig. 2). The 
study by Bravo-Valenzuela et al. also demonstrated that 
the PVPI in the FGR group (1.27 ± 0.39) was higher than 
that in the expected growth group (0.75 ± 0.12) (p < 0.001) 
[12]. A study by Lee et al. demonstrated that PVPI in the 
third trimester of pregnancy had a predictive value in 
fetuses that were smaller compared to the gestational age. 
PVPI exhibited a sensitivity of 70.27% and a specificity of 

Fig. 2 Distribution of the fetal PVPI of the FGR and normal groups
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92.39% with a cut-off point of 1.13 for small-for-gesta-
tional-age pregnancy [6].

An association was observed between FGR, increased 
mortality or morbidity during the perinatal period, and 
subsequent adverse neurological outcomes. This suggests 
that fetal hypoxia or acidosis during FGR affects the pre-
term or full-term fetus [24]. Therefore, the measurement 
of UA pH is significant because it provides evidence for 
formulating recommendations in clinical practice. How-
ever, direct measurement of UA pH during pregnancy 
requires cord blood collection and increases the risk of 
complications from invasive procedures. Therefore, the 
application of noninvasive methods is recommended in 
clinical practice. For managing FGR in pregnancy, vascu-
lar flow Doppler has been increasingly indicated in rou-
tine practice and produces a reliable case-control dataset. 
A study by Figueras et al. demonstrated that in FGR 
cases, there was a negative correlation between UAPI 
and UA pH with r = -0.55 [8]. Suekane et al. reported a 
negative correlation between the pulsatility index of the 
ductus venosus and UA pH (r = -0.677) [7]. In this study, 
we found a positive correlation between UAPI and PVPI 

in the FGR group (r = 0.63, 95%CI: 0.52–0.72, p < 0.0001; 
shown in Fig. 3). Previous studies have discovered a mod-
erately positive correlation between the Ductus venosus 
pulsatility index and the fetal PVPI [25]. That is why the 
hypothesis of a negative correlation between PVPI and 
UA pH in FGR cases is reasonable. Indeed, this study 
has demonstrated a negative correlation between PVPI 
and UA pH with r = -0.68 (95%CI -0.76 – -0.58; p < 0.001) 
(show in Fig.  4). The research findings (Table  2) clearly 
illustrate the relationship between UAPI, PVPI, and UA 
pH. The findings of this research demonstrate that PVPI 
and UAPI have a positive correlation in FGR and in the 
group of AU pH < 7.20, which includes 23 cases of fetuses 
with UAPI above the 95th percentile, 19 of these cases 
had PVPI above the 95th percentile. The likelihood of UA 
pH < 7.20 in FGR is therefore increased if the fetus has 
Doppler deterioration in both the umbilical artery and 
the pulmonary vein, with an OR rising from 3.18 to 3.85 
(Table 2). This demonstrates PVPI’s utility in strengthen-
ing UAPI for predicting UA pH < 7.20.

Our study showed no correlation between PVPI and 
UA pH in the normal growth group (shown in Fig.  5), 

Fig. 3 Correlation between PVPI and UAPI in the FGR group
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which could be related to the crucial vascular features 
that have the potential to decompensate and dilate 
blood vessels in general. Because of the different struc-
tures between veins and arteries, the decompensation 
capacity of veins is approximately eight times greater 
than that of arteries [26]. This suggests that the venous 
system can store a significant volume of blood while just 
slightly increasing pressure, showing a minor increase 
in vascular impedance and pulsatility. The pulmonary 
veins have a decompensation capacity similar to systemic 
veins; therefore, the pulsatility index does not exceed the 
normal range before significant hemodynamic changes 
occur. Under normal fetal growth conditions, the ability 
of the pulmonary veins to decompensate and dilate is still 
responsive to small hemodynamic changes. As a result, 
there is no correlation between UA pH and PVPI.

James et al. published an umbilical cord blood gas anal-
ysis in 1958, demonstrating that the fetus had a pre-exist-
ing hypoxic state [27]. Currently, cord blood gas analysis 
is a postpartum practice recommended by the Royal Col-
lege of Obstetricians and Gynecologists and the ACOG 
for all high-risk pregnancies [28, 29]. In addition, some 

countries have adopted this practice as a routine process 
for all births. The practice of cord blood gas analysis is 
increasingly being adopted and serves as a source of evi-
dence to interpret cord blood gas results with poor neo-
natal outcomes. Simultaneously, cord blood gas analysis 
will contribute to perfecting the legal basis for litigation 
related to obstetric complications. In this study, the mean 
UA pH of normally growing fetuses (7.26 ± 0.03) was sig-
nificantly higher than that of the FGR group (7.23 ± 0.05) 
(p < 0.001) (shown in Table  1). Yeh et al. concluded that 
considering the association with adverse infant out-
comes, the ideal UA pH was 7.26–7.30 [30]. Figueras et 
al. studied 117 fetuses with weight below the 10th per-
centile for gestational age, reporting that the UA pH 
had an average value of 7.25 ± 0.14 [8]. The sample cri-
teria of Figueras et al.‘s study did not require the UAPI 
to be above the 95th percentile or the CPR to be below 
the 5th percentile. According to ISUOG, the fetuses in 
Figueras’s study sample would include FGR and small-
for-gestational-age pregnancy cases. Therefore, the aver-
age UA pH value in Figueras’ study was higher than ours. 

Fig. 4 Correlation between PVPI and UA pH in the FGR group
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However, this difference was not statistically significant 
(P = 0.12).

Goldaber et al. reported an association between UA 
pH < 7.20 and adverse neurological manifestations when 
studying 3506 full-term singleton pregnancies [30]. Casey 
et al. also found that infants born with UA pH < 7.20 per-
sisting two h after birth had an adverse outcome than 
those with acidosis but recovered to normal UA pH 
levels [31]. Our study found that UA pH < 7.20 is a risk 
factor that increases the likelihood ratio of adverse preg-
nancy outcomes (OR = 7.35; 95% CI: 2.1–25.6, p < 0.001) 

(shown in Table 2). Furthermore, PVPI can predict fetal 
UA pH < 7.20 among FGR cases, with a sensitivity: 88.2%; 
specificity: 66%; positive likelihood ratio: 2.62 (95%CI: 
1.94–3.53 ); negative likelihood ratio: 0.18 (95%CI: 0.07–
0.45 ); AUC: 0.77 (95%CI: 0.69–0.84); positive predictive 
value: 46.9% (95%CI: 39.5–54.3%); negative predictive 
value: 94.3% (95%CI: 86.8–97.7%). To our knowledge, this 
is the first study to evaluate the possible implication of 
PVPI for clinical practice in predicting UA pH in FGR. 
Previous studies focused only on the value of umbilical 
venous Doppler [32, 33]. Rizzo et al. found that umbilical 

Table 2 Distribution of cases according to umbilical artery (UA) pH cut-off in the fetal growth restriction group
Characteristics UA pH < 7.20 UA pH ≥ 7.20 P OR 95%CI
Adverse outcomes
(UA pH excluded)

No 3 (8.8%) 42 (41.6%) < 0.001 7.35 2.1–25.6
Yes 31 (91.2%) 59 (58.4%)

UAPI > 95th percentile 23 (67.6%) 40 (39.6%) < 0.005 3.18 1.40–7.25
≤ 95th percentile 11 (32.4%) 61 (60.4%)

PVPI > 95th percentile 30 (88.2%) 34 (33.7%) < 0.001 14.77 4.8–45.3
≤ 95th percentile 4 (11.8%) 67 (66.3%)

PVPI > 95th percentile and UA PI > 95th percentile No 15 (44.1%) 76 (75.2%) 0.001 3.85 1.70–8.69
Yes 19 (55.9%) 25 (24.8%)

Fig. 5 UA pH distribution according to PVPI in the normal growth group
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vein blood flow normalized for fetal abdominal circum-
ference age was an independent predictor of adverse 
perinatal outcomes, including UA pH 7.10, with an AUC 
of 0.72 (95% CI: 0.642–0.804) [34].

Because UA pH affects the prognosis of both short- 
and long-term outcomes, it is critical to consider this 
when evaluating pregnancy outcomes. Table 3 shows the 
essential role of CTG and UAPI in estimating the UA pH 
of FGR using multiple linear regression. According to 
current FGR management guidelines, CTG and umbilical 
artery flow Doppler are critical factors in the decision to 
terminate a pregnancy [17, 18, 35]. As a consequence, the 
findings of this research support the importance of CTG 
and UAPI in FGR monitoring. Furthermore, we discov-
ered an elevated risk of UA pH below 7.20 when PVPI 
was higher than the 95th percentile and the significance 
of PVPI in assessing UA pH in FGR. Although PVPI has 
a lower influence on UA pH than CTG and UAPI, it is an 
independent factor that affects UA pH (shown inTab.3).

The data in Table S1 (Supplementary file) show that 
including PVPI in a multiple linear regression model 
containing CTG and UAPI enhanced the accuracy of 
the UA pH estimate. Since in various linear regression 
models that rely on variables such as UAPI, CTG, PVPI, 
and mode delivery to predict UA pH, the combination 
of CTG, UAPI, and PVPI produces the best-fit model 
because the adjusted R-squared of this model is the high-
est when compared to the other models. The Durbin-
Watson value for this model is 1.73, suggesting that the 
findings do not contradict the first-order series auto-
correlation assumption. The multiple linear regression 
model with the independent variables CTG, UAPI, and 
PVPI fits the population with a significant value equal 
to 0.000 in the ANOVA test. Furthermore, the suggested 
novel model has no multicollinearity by VIF values below 
10. The impact of the mode of delivery on assessing the 
umbilical artery blood pH value of growth-restricted 
fetuses was not observed in this research since the coef-
ficient of this variable in the regression model was not 

significantly statical (sig. = 0.71) (shown in Table  3), 
which numerous factors might cause. To begin with, the 
Cesarean section rate in this research is relatively high 
owing to indicators from the mother’s or the fetus’s con-
ditions. Moreover, as advised by FIGO [35], the preferred 
method of delivery is elective Cesarean section if FGR 
protects the fetus from stress created by uterine contrac-
tions. As a result, in multivariable regression analysis, the 
mode of delivery did not affect UA pH. The histogram 
chart, the normal P-P plot of Regression Standardized 
Residual chart, and the scatterplot chart of this suggested 
model’s regression indicate the residuals assumed to have 
a normal distribution and the linear connection assumed. 
As a result, PVPI is a possible factor in predicting adverse 
pregnancy outcomes that should be studied further with 
larger sample sizes.

Based on our literature search, this could be the first 
study to assess PVPI values and establish their correla-
tion with the prognostic validity of UA pH in FGR. Pre-
vious studies have concentrated solely on establishing a 
reference value range and analyzing the change in PVPI 
under several conditions. The attributes of this study 
demonstrated a positive correlation between UAPI and 
PVPI, and fetal PVPI may be utilized to predict UA pH.

Limitations of the research were that it did not inves-
tigate whether PVPI of the fetus’s right and left pulmo-
nary veins differ in predicting fetal umbilical artery blood 
pH. Furthermore, the cohort was based on only one cen-
ter. Moreover, this investigation did not study the effects 
of PVPI on UA pH in the early-onset or late-onset FGR 
groups. The difficulty in determining the precise onset 
time of FGR and insufficient fetuses having FGR before 
32 weeks of gestation are two probable sources of this 
constraint. Lastly, we have yet to explore the effect of 
PVPI on fetal growth limitation induced by a placen-
tal malfunction. This topic is of great value, and further 
investigation is required to establish the clinical prognos-
tic value of PVPI.

Table 3 Independent variable coefficients in multiple linear regression models for estimating umbilical artery pH
Model Independent Variable Unstandardized Cofficients Standardized Cofficients t Sig Collinearity Statistics

B Beta VIF
CTG CTG -0.048 -0.770 -13.90 0.000 1.00
UAPI UAPI -0.090 -0.554 − 7.67 0.000 1.00
CTG -UAPI CTG

UAPI
-0.043
-0.069

-0.689
-0.421

-15.95
− 9.76

0.000
0.000

1.03
1.03

CTG -UAPI -
PVPI

CTG
UAPI
PVPI

-0.039
-0.053
-0.035

-0.621
-0.328
-0.176

-12.44
-8.65
-1.90

0.000
0.000
0.003

1.33
1.61
2.03

CTG -UAPI -
PVPI -
Mode delivery

CTG
UAPI
PVPI
Mode delivery

-0.038
-0.053
-0.035
-0.002

− 0.618
− 0.329
− 0.175
− 0.016

-12.82
− 6.27
− 2.96
− 0.36

0.000
0.000
0.000
0.713

1.36
1.61
2.04
1.04

CTG: cardiotocography; UAPI: umbilical artery pulsatility index; PVPI: pulmonary vein pulsatility index
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Conclusions
In pregnancies with FGR, the increase in PVPI was sta-
tistically significant compared to that in the appropri-
ate-growth group. In FGR cases, PVPI was positively 
correlated with UAPI and negatively correlated with UA 
pH. At the same time, fetal PVPI had a prognostic value 
of UA pH < 7.20. PVPI is a Doppler measurement that, 
like CTG and UAPI, should be investigated for further 
useful predictors of adverse pregnancy outcomes and 
proposed criteria for managing fetal growth restriction.
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