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Abstract
Background  The variety of shocks in neonates, if not recognized and treated immediately, is a major cause for 
fatality. The use of echocardiography may improve assessment and treatment, but its reference values across 
gestational age (GA) and birth weight (BW) are lacking. To address the information gap, this study aimed at correlating 
GA and BW of newborns with nonhemodynamic abnormalities, and at evaluating the usefulness of such reference 
values in neonates with early onset septic (EOS) -shock.

Methods  A total of 200 normal newborns were enrolled as controls and subdivided into groups based on GA, BW, 
days of age, and patent ductus arteriosus (PDA). Echocardiography was used to document inferior vena cava diameter 
(IVC), inferior vena cava collapsibility index (IVC-CI), and inferior vena cava to abdominal aorta ratio (IVC/AO). In 
addition, 18 neonates with EOS shock were recruited and evaluated using echocardiography.

Results  Among the control newborns, IVC and AO were significantly increased with GA and BW (P < 0.05) but IVC-CI 
and IVC/AO did not correlate with GA, BW, day of age, and PDA. Compared to the control group, the EOS-shock group 
had significantly decreased IVC and IVC/AO, and increased IVC-CI (P < 0.05). The cut-off values for indicating EOS-shock 
were > 34.15% for IVC-CI, < 47.58% for IVCmin/AO, and < 66.11% for IVCmax/AO.

Conclusions  The IVC-CI, IVCmin/AO, and IVCmax/AO indices are applicable to all neonates. Although the number of 
neonates with EOS-shock in our study is small, the cut-off values showed usefulness for diagnosis. Further research is 
needed to determine the application of the indices in a larger population and among other populations, especially for 
clinical application in treatment of shock among neonates.

Keywords  Neonatal hemodynamics, Inferior vena cava, Inferior vena cava collapsibility index, Inferior vena cava to 
abdominal aorta ratio, Early onset septic shock
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Introduction
In pre-term infants, shock typically causes circulatory 
dysfunction and neurodevelopmental impairment, with 
fatal consequences. Immediate medical attention is 
therefore critical for good prognosis [1] and fluid resus-
citation is the first step for hemodynamically unstable 
patients [2]. Echocardiography is useful for providing 
guidance for shock management in adults [3] and chil-
dren [4], but limited for neonates [5]. Nevertheless, some 
measurements are promising. For example, inferior vena 
cava diameter (IVC) via point-of-care ultrasound appears 
to correlate with patient’s volume status [6]. IVC collaps-
ibility index (IVC-CI) has been shown to be elevated in 
septic shock neonates versus stable controls [5]. Inferior 
vena cava to abdominal aorta ratio (IVC/AO) has been 
invastigated to guide pediatric fluid resuscitation [4]. 
These measurements have, however, not been systemati-
cally evaluated, especially for pre-term infants.

This study aimed to determine IVC, IVC-CI and IVC/
AO by echocardiography in newborns with different ges-
tational ages and weights, investigate their correlations, 
and to apply these measurements in newborns with early 
onset septic (EOS) -shock.

Patients and methods
This cross-sectional analytical study was approved by the 
hospital ethics committee and conducted at the neona-
tal intensive care unit of the Shanghai Children’s Medi-
cal Center from September 2022 to March 2023. Written 
informed consents were obtained from the parents or 
guardians for the study subjects. Those with 48 h to one 
week of age, and without sepsis or shock (control group) 
were recruited because blood pressure and vascular resis-
tance increase while cardiac output and index decrease 
in the first 48 h [7]. Septic shock patients (refer to those 
with early-onset sepsis and shock, EOS-shock group) 
were enrolled during the study period. Early-onset sep-
sis was defined as hospitalization with at least 1 labora-
tory criterion and either respiratory distress or at least 
2 other clinical criteria [8]: (1) Heart rate > 180 per min, 
(2) decrease in blood pressure (mean arterial pressure 
(MAP) < 30 mm of Hg or < MAP < 5th centile for the ges-
tational age or systolic blood pressure < 2 SD for age), (3) 
oliguria < 0.5 ml/kg/h for preceding 6 h, (4) CRT(capillary 
refilling time) > 3  s, (5) central to peripheral tempera-
ture difference > 3 °C, (6) metabolic acidosis (base excess 
[BE] > − 5 or lactate > 2 times upper normal). Shock was 
defined as having at least 2 of the 6 criteria [9]. Exclusion 
criteria were admission after 24  h of birth, congenital 

Fig. 1  2-D ultrasound showing IVC entering the right atrium
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heart disease (e.g., mild to severe left-to-right intracar-
diac shunt disease and valve disease), pulmonary hyper-
tension, obvious right heart failure, complex cyanotic 
heart disease (to avoid the impact on right heart and infe-
rior vena cava hemodynamics), high-frequency ventila-
tion (IVC visualization is difficult), congenital multiple 
malformations and death within 7 days. Demographic, 
clinical, and hemodynamic data were collected, including 
patient gender, gestational age, birth weight, days of age, 
delivery mode, Apgar 1 min, Apgar 5 min, mother’s situ-
ation (%, thyroid dysfunction, hypertension, gestational 
diabetes mellitus (GDM), immune diseases, premature 
rupture of membrane (PROM) ≥ 18  h, stained amniotic 
fluid, prenatal antibiotics, pathogenic positivity), blood 
pressure (BP) (systolic blood pressure, diastolic blood 
pressure and mean blood pressure), heart rate (HR), left 
ventricular ejection fraction (LVEF), and lactate etc.

IVC-CI and AO
With patients in the supine position, IVC and AO diam-
eter were measured using color Doppler ultrasound 
(Philips CX50, probe S8-1 with frequency of 5 MHZ) in 
the M-mode. The probe was placed on the lower right of 
the xiphoid process to visualize the IVC long axis near 
the hepatic vein inflow. The IVC diameter was measured 
0.5–1.0  cm below the hepatic vein inflow in M-mode 

(shown in Fig.  1). Three measurements of the maxi-
mum and minimum diameters were taken and averaged 
(shown in Fig.  2). IVC-CI = (maximum IVC diameter 
– minimum IVC diameter) / maximum IVC diameter. 
According to the US echocardiography guidelines, the 
subxiphoid long-axis views of the abdominal aorta were 
used to measure the internal diameter of the abdominal 
aorta during diastole.

Statistical analyses
Statistical analyses were performed using Prism (Ver-
sion 9; GraphPad, USA). It was sufficient to include 200 
newborns in this study to establish a reference range for 
the study indicators [10]. Due to the scarcity of sources 
of newborns with early-onset septic shock, a total of 
18 patients who met the inclusion criteria were col-
lected during this study. Paired t-test analysis was used 
to analyze the same indicators collected by two observ-
ers. Logistic regression was used to analyze influenc-
ing factors for IVC, AO, IVC-CI, and IVC/AO. Linear 
regression was used to evaluate relationships between 
gestational age, birth weight, and days of age with hemo-
dynamic parameter. Paired t-tests were used to compare 
PDA group and non-PDA group (the same patient before 
and after PDA closure), and non-paired t-tests compared 
the control group and shock group. The ROC curve 

Fig. 2  2-D ultrasound showing IVCmin and IVCmax
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analysis was used to accurately assess the ability of IVC-
CI, IVCmin/AO, and IVCmax/AO to predict shock, with 
cut-off identified by the Youden index. Measurement 
data are presented as mean ± SEM, and categorical data 
as number (percentage) [n (%)]. P < 0. 05 was considered 
statistically significant.

Results
A total of 282 neonates were assessed for eligibility 
(shown in Figs. 3) and 218 neonates were selected based 
on inclusion and exclusion criteria: 200 in the control 
group and 18 in the early onset septic shock group. There 
was no significant difference between inter-observer 
measurements (p < 0.05).

Among the 200 controls, 10 were born at gestational 
age of less than 29 weeks, 68 at 29 to 33 + 6 weeks, 82 at 
34 to 36 + 6 weeks, and 40 at term. Eight neonates had 
birth weights less than 1000  g, 19 between 1000  g and 
1499  g, 117 between 1500  g and 2499  g, and 56 more 
than 2500 g. IVCmin, IVCmax and AO increased signifi-
cantly with advancing gestational ages and higher birth 
weights (p < 0.0001 for all). In contrast, the IVC-CI and 
IVC/AO (IVCmin/AO and IVCmax/AO) did not dem-
onstrate significant correlations with gestational ages or 
birth weights.

These findings provide reference ranges and linear 
regression equations for inferior vena cava measurements 

according to gestational age and birth weight catego-
ries in neonates without hemodynamic disturbances 
(Table 1).

Among the 200 newborns in the control group, 67 were 
under 3 days old, 68 were between 3 and 5 days old, and 
67 were between 5 and 7 days old; 10 individuals with 
PDA were within one week after birth and closed within 
two weeks. The IVC-CI and IVC/AO (IVCmin/AO and 
IVCmax/AO) were not related to postnatal days of age, 
nor were they related to the presence of PDA (Not hs-
PDA) (Table 2).

Comparing the baseline characteristics between the 
200 controls and the 18 EOS-shock newborns, it was 
found that, except for birth weight, other general charac-
teristics were not statistically significant (Table 3).

The IVC-CI, IVCmin/AO, and IVCmax/AO of the 
control group were 30.45 ± 6.47%, 54.27 ± 9.49%, and 
73.12 ± 9.34%, respectively, while those of the EOS 
shock group were 39.64 ± 9.27%, 41.61 ± 8.00%, and 
64.96 ± 10.96%, respectively. In the similar compari-
son, the EOS shock group had increased IVC-CI but 
decreased IVCmin/AO and IVCmax/AO (p < 0.0001). 
The cut-off values for the EOS shock group were > 34.15% 
for IVC-CI, < 47.58% for IVCmin/AO, and < 66.11% for 
IVCmax/AO (Table 4).

Fig. 3  Flowchat of the sduty. EOS-shock group: early onset septic shock group
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Discussion
Even with clinical recognition and targeted hemody-
namic resuscitation [11–13], the mortality rate for neo-
nates with septic shock was as high as 34% [14]. The high 
burden was likely due to the non-precise clinical evalu-
ation [15, 16] and invasive risk from the hemodynamic 
monitoring [17]. On the other hand, ECHO showed good 
consistency with invasive hemodynamic methods such 
as pulse index contour cardiac output (PiCCO) [18] and 
central venous pressure (CVP) [19].

According to the guidelines from the American Echo-
cardiography Association, during forced breathing for 
adults, the width of the IVC and the IVC-CI should cor-
respond to CVP, indicating the amount of fluid should 
guide clinical decision-making [20]. Therefore, the com-
bination of IVC and IVC-CI can improve the accuracy of 
blood volume assessment. In a study of 70 children aged 
1 month to 12 years, the results show a negative corre-
lation between IVC-CI and CVP. IVC-CI > 50% corre-
sponded to CVP < 8 cmH2O, indicating insufficient blood 
volume and usefulness of IVC-CI to evaluate the blood 
volume status of critically ill pediatric patients [21]. 
These indicators show their application for management 
of pediatric shock patients [22, 23], but without evidence 
for neonates. Our study fulfills the knowledge gap by pro-
viding reference values for IVC parameters across gesta-
tional ages and birth weights among stable neonates.

In this study, IVCmin, IVCmax, and AO were collected 
by a cardiac ultrasound doctor and a NICU doctor, and 
there were no statistically significant differences between 
them. In a study using adults, there was intra- and inter-
observer accuracy in measuring IVC by ECHO [24]. 
This indicates that the parameters can serve as impor-
tant indicators for evaluating hemodynamics in criti-
cally ill patients. Our results provide normal reference 
ranges for IVCmin, IVCmax, IVC-CI, IVCmin/AO, and 
IVCmax/AO stratified by gestational maturity and birth 
weight in hemodynamically stable neonates (the control 
group). IVC diameter and AO increased with greater 
maturity and size, while IVC-CI and IVC/AO were simi-
lar across groups. Another study in neonates shows that 
there was a good negative correlation between IVC-CI 
and CVP in mechanically ventilated patients, but no cor-
relation with gestational age and weight. IVCmax and 
IVCmin were not correlated with CVP, but had a good 
positive correlation with gestational age and weight [25]. 
A study in healthy children also shows that age, height, 
and weight were positively correlated with IVCmax 
and IVCmin, while IVC-CI was not significantly corre-
lated with age, height, and weigh [26]. These are consis-
tent with the results of our study. In addition, IVC-CI, 
IVCmin/AO, and IVCmax/AO did not change with the 
days of increased age, and the presence of the PDA (Not 
hsPDA) did not affect them. In autonomous breathing, Ta
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the IVC contracts during inhalation and expands during 
exhalation. However, during positive pressure mechani-
cal ventilation, the intrathoracic pressure and right atrial 
pressure increase during inhalation, and the amount 
of blood flowing back from veins to the right atrium 
decreases, affecting the diameter of the IVC. The IVC 
expands during inhalation and contracts during exha-
lation. Therefore, the measurement of IVCmax and 
IVCmin in patients with positive pressure mechanical 
ventilation was opposite to the normal breathing state, 
that is, IVCmax was measured during inhalation and 
IVCmin was measured during exhalation [27]. Another 
study show that IVC-CI was not affected by whether 
patients were breathing spontaneously or were mechani-
cally ventilated [28]. Intra-abdominal hypertension had 
no effect on IVC-CI but reduced IVCmax, and large 
IVCmax with no collapse, that is, not hypovolemic [29]. 
The above information indicates that the IVC-CI value 
did not depend on individual’s physical parameters and 

breathing patterns, but rather on blood volume status, 
making it a good indicator for evaluating blood volume. 
In summary, IVC-CI, IVCmin/AO, and IVCmax/AO 
were not affected by gender, gestational age, and birth 
weight. Therefore, newborns were organized into one age 
group.

The target range of IVC-CI was usually between 20% 
and 50% [28, 30], which is different from the approxi-
mately 18–40% range of IVC-CI in newborns in this 
study. This may be because neonates normally have 
faster respiratory rate and lower respiratory amplitude 
than adults or children. A report on 23 healthy prema-
ture infants with a gestational age of 30.9 ± 2.9 weeks and 
a birth weight of 1146 (966, 1460) g shows that IVC-CI 
fluctuated between 15% and 24%, with an average of 20% 
[31]. Another report shows measured IVC-CI values 
of 12–46% (P10 to P90) in 25 healthy full-term infants 
with an average weight of 3425 g [32]. There is a certain 
deviation from the results of this study, which may be 
explained by different sample sizes. Nonetheless, these 
values provide context for interpreting IVC measure-
ments in hypotensive states.

Except for birth weight, the general characteristics of 
the EOS-shock group were not statistically significant 
compared to the control group. As shown above, IVC-
CI, IVCmin/AO, and IVCmax/AO were not affected by 
weight, therefore the two groups were comparable. Our 
observations show that IVC and IVC/AO declined mark-
edly while IVC-CI rose in neonates with EOS-shock 
compared to stable controls across etiologies. These find-
ings concur with adult and pediatric studies showing IVC 
narrowed and collapsed to a greater degree in shock [33, 
34]. A study was reported on comparing the levels of 5 
preload indicators between a septic shock and a healthy 
control groups of 46 premature infants [31]. The results 
show that only IVC-CI was significantly increased in the 
septic shock group, which is consistent with the results of 
our study.

Table 2  IVC-CI, IVCmin/AO and IVCmax/AO of neonates with different day ages and with PDA or not
Index Age(days) PDA or Not

< 3 days (n = 67) 3–5 days (n = 68) 5–7 days (n = 67) p value PDA Non-PDA p value
IVC-CI(%) 30.9%(±5.5%) 30.9%(±7.7%) 29.3%(±5.8%) NS 32.5%(±6.6%) 30.4%(±5.9%) NS
IVCmin/AO(%) 53.7%(±7.1%) 53.1%(±8.0%) 56.8%(±8.7%) NS 54.4%(±8.0%) 56.7%(±6.8%) NS
IVCmax/AO(%) 72.5%(±8.2%) 72.6%(±10.2%) 74.9%(±9.4%) NS 71.4%(±10.1%) 74.5%(±8.0%) NS
NS: P > 0.05

Table 3  Comparison of characteristics between the control 
group and the septic shock group
Characteristics C group S group p value
Gestational age (w) 34.6(± 2.9) 35.7(± 2.3) 0.2701
Birth weight (g) 2224(± 750) 2670(± 640) 0.0201
Gender Male (%) 112(56) 12(54.5) 0.8968
Delivery mode Vaginal delivery (%) 45(22.5) 5(22.7) 0.9808
Apgar 1 min 8.6(± 1.2) 9.3(± 1.8) 0.0561
Apgar 5 min 9.3(± 0.7) 9.5(± 0.9) 0.3164
Thyroid dysfunction (%) 48(24) 2(9.1) 0.1131
Hypertension (%) 18(9) 1(4.5) 0.4806
GDM (%) 38(19) 4(18.2) 0.9263
Immune diseases (%) 25(12.5) 1(4.5) 0.2728
PROM ≥ 18 h (%) 9(4.5) 2(9.1) 0.3485
Stained amniotic fluid (%) 10(5) 1(5) 0.9261
Prenatal antibiotics (%) 40(20) 3(14) 0.4757
Pathogenic positivity (%) 30(15) 4(18) 0.6957
C group: control group; S group: early onset septic shock group; GDM: 
Gestational diabetes mellitus; PROM: Premature rupture of membrane

Table 4  Comparison of IVC-CI, IVCmin/AO and IVCmax/AO between the control group and septic shock group, along with 
corresponding cut-off values
Index C group(%) S group(%) Significance (p value) Cut-off (%) Sensitivity(%) Specificity(%) Youden index
IVC-CI 30.5 ± 6.5 39.6 ± 9.3 < 0.0001 > 34.2 82.4 74.8 0.68
IVCmin/AO 54.3 ± 9.5 41.6 ± 8.0 < 0.0001 < 47.6 88.2 81.3 0.68
IVCmax/AO 73.1 ± ± 9.3 65.0 ± 11.0 < 0.0001 < 66.1 81.3 76.3 0.50
C group: control group; S group: early onset septic shock group
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A report described IVC collapsibility > 40% as 93% 
sensitive and 100% specific for hypovolemic shock pedi-
atric patients [23]. A prospective longitudinal study 
involved 66 newborns with low blood volume (CVP < 5 
cmH2O), 22 newborns with normal blood volume (CVP 
5–8 cmH2O), and 34 newborns with high blood volume 
(CVP > 8 cmH2O) [35]. The results show that the sensi-
tivity of predicting low blood volume at a cut-off value 
of 55% for IVC-CI was 87.9%, the specificity was 82.0%, 
and the sensitivity of predicting high blood volume at a 
cut-off value of 20% was 91.1%, the specificity was 83.2%. 
IVC-CI was significantly and negatively correlated with 
CVP, suggesting that IVC-CI can be used to guide fluid 
resuscitation and the application of vasoactive drugs 
in neonatal shock. In our study, IVC-CI > 34.15% had a 
sensitivity of 82.35% and a specificity of 74.75% for EOS-
septic shock. The lower IVC-CI may be explained by the 
shallower and faster breathing of newborns, while the 
lower sensitivity and specificity may be explained by the 
insufficient number of shock patients in newborns. A 
previous study shows the optimal cut-off value of IVC/
AO was 0.675 in neonates [4], which was similar to IVC-
max/AO < 66.11% in our study. Our data also provides 
an optimal cutoff value of IVCmin/AO < 47.58%, which 
can be combined with the cutoff values of IVC-CI and 
IVCmax/AO to jointly warn of EOS-septic shock. Our 
findings reinforce the potential diagnostic utility of IVC 
metrics for compromised neonatal circulation.

Conclusions
Our study provides novel information but also has limita-
tions, including small sample size and single center data. 
Larger scale and multicenter studies (like our ongoing 
study) should confirm the universal application in new-
born populations. Our current observations will also 
be enhanced by our new research on changes of IVC-
CI, IVCmin/AO and IVCmax/AO in different fluid vol-
umes before and after resuscitation in shock, as well as 
their relationships with CVP. Nevertheless, our research 
findings demonstrate clinical practicality of IVC ultra-
sound monitoring in evaluating and managing neonatal 
EOS-shock. The reference values from stable newborns 
provide a background for interpreting measurements. 
IVC-CI, IVCmin/AO and IVCmax/AO can be used to 
determine the presence of EOS-shock from a capacity 
perspective. Further research should evaluate the inte-
gration of these tools with neonatal shock diagnosis and 
treatment to improve outcomes.

Abbreviations
IVC	� Inferior vena cava diameter
IVC-CI	� Inferior vena cava collapsibility index
IVC/AO	� Inferior vena cava to abdominal aorta ratio
CVP	� Central venous pressure
GA	� Gestational age
BW	� Body weight

GDM	� Gestational diabetes mellitus
PROM	� Premature rupture of membrane
ECHO	� Echocardiography
HR	� Heart rate
SPB	� Systolic blood pressure
DBP	� Diastolic blood pressure
MAP	� Mean arterial pressure

Acknowledgements
We thank the study participants and their parents for volunteering to 
participate in this study. The authors would like to express their gratitude 
to Prof. William W. Au (University of Texas Medical Branch, Texas, USA) for 
his invaluable assistance in language editing and in providing precise 
interpretation of the data.

Author contributions
LM and YL had primary responsibility for the protocol development, patient 
enrollment, data collecting, complet ing transthoracic echocardiography, 
preliminary data analysis and writing the manuscript. FB, JS and JB assisted 
with protocol development and critical revision for important content. YZ 
and WG supervised the design and execution of the study, checked the 
data analysis, contributed to a final approval of the manuscript submitted. 
All authors have read and approved the final manuscript and assumed full 
responsibility for its contents.

Funding
This study was funded by Government of Pudong New Area (PKJ2021-Y42).

Data availability
All data generated or analyzed during this study are included in this article. 
Further inquiries can be directed to the corresponding author.

Declarations

Ethics approval and consent to participate
The study was conducted according to the guidelines of the Declaration 
of Helsinki, and approved by Shanghai Children’s Medical Center, school of 
Medicine, Shanghai Jiao tong University, Shanghai, China (reference number: 
SCMCIRB-K2023108-1). All participants’ responsible guardians were asked for 
and gave their written consent after being informed about the nature of the 
study.

Consent for publication
Not applicable.

Ethics statement
No animals were involved in this study.

Competing interests
There was no conflict of interests for this article.

Received: 20 January 2024 / Accepted: 8 December 2024

References
1.	 Nishizaki N, Shima T, Watanabe A, Obinata K, Shimizu T. Unsatisfactory Short-

Term Neurodevelopmental Outcomes of Preterm Infants Who Received 
Polymyxin B-Immobilized Fiber Column-Direct Hemoperfusion for Septic 
Shock. Tohoku J Exp Med. 2021;253(4):275–281. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​1​6​2​0​/​t​j​e​m​.​
2​5​3​.​2​7​5​​​​​.​​​

2.	 Ismail MT, El-Iraky AA, Ibrahim EEA, El Kammash TH, Abou-Zied AE. Compari-
son of inferior vena cava collapsibility and central venous pressure in assess-
ing volume status in shocked patients. Afr J Emerg Med. 2022;12(3):165–171. 
https:/​/doi.or​g/10.10​16/j​.afjem.2022.04.005.

3.	 Menon LP, Balakrishnan JM, Wilson W, Thomas MK. Caval Aortic Index: A 
Novel Tool for Fluid Assessment in Obstetric Emergencies. J Emerg Trauma 
Shock. 2020;13(1):50–53. https:/​/doi.or​g/10.41​03/J​ETS.JETS_136_18.

https://doi.org/10.1620/tjem.253.275
https://doi.org/10.1620/tjem.253.275
https://doi.org/10.1016/j.afjem.2022.04.005
https://doi.org/10.4103/JETS.JETS_136_18


Page 8 of 8Mi et al. Italian Journal of Pediatrics           (2025) 51:21 

4.	 Kusumastuti NP, Latief A, Pudjiadi AH. Inferior Vena Cava/Abdominal 
Aorta Ratio as a Guide for Fluid Resuscitation. J Emerg Trauma Shock. 
2021;14(4):211–215. https:/​/doi.or​g/10.41​03/J​ETS.JETS_154_20.

5.	 Saini SS, Sundaram V, Kumar P, Rohit MK. Functional echocardiographic 
preload markers in neonatal septic shock. J Matern Fetal Neonatal Med. 
2021;1–8. https:/​/doi.or​g/10.10​80/1​4767058.2021.1926447.

6.	 Akinjero A, Chulani S, Ahmad S. Utilizing a novel point of care ultrasound 
(POCUS) protocol to guide diuresis - A case series. Respir Med Case Rep. 
2022;38:101695. https:/​/doi.or​g/10.10​16/j​.rmcr.2022.101695.

7.	 Doni D, Nucera S, Rigotti C, Arosio E, Cavalleri V, Ronconi M, et al. Evaluation 
of hemodynamics in healthy term neonates using ultrasonic cardiac output 
monitor. Ital J Pediatr. 2020;46(1):112. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​1​1​8​6​/​s​1​3​0​5​2​-​0​2​0​-​0​0​
8​7​2​-​x​​​​​.​​​

8.	 Roca A, Camara B, Bognini JD, Nakakana UN, Some AM, Beloum N, et al. Effect 
of Intrapartum Azithromycin vs Placebo on Neonatal Sepsis and Death: A 
Randomized Clinical Trial. JAMA. 2023;329(9):716–724. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​1​0​0​
1​/​j​a​m​a​.​2​0​2​2​.​2​4​3​8​8​​​​​.​​​

9.	 Weiss SL, Peters MJ, Alhazzani W, Agus MSD, Flori HR, Inwald DP, et al. Execu-
tive Summary: Surviving Sepsis Campaign International Guidelines for the 
Management of Septic Shock and Sepsis-Associated Organ Dysfunction in 
Children. Pediatr Crit Care Med. 2020;21(2):186–195. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​1​0​9​7​/​
P​C​C​.​0​0​0​0​0​0​0​0​0​0​0​0​2​1​9​7​​​​​.​​​

10.	 Cantinotti M, Kutty S, Franchi E, Paterni M, Scalese M, Iervasi G, Koestenberger 
M. Pediatric echocardiographic nomograms: What has been done and what 
still needs to be done. Trends Cardiovasc Med 2017, 27(5):336–349. ​h​t​t​​p​s​:​/​​/​d​o​​
i​.​​o​r​g​/​1​0​.​1​0​1​6​/​j​.​t​c​m​.​2​0​1​7​.​0​1​.​0​0​6​​​​​​​

11.	 Dargaville P, Kamlin C, Orsini F, Wang X, De Paoli A, Kanmaz Kutman H, et 
al. Effect of Minimally Invasive Surfactant Therapy vs Sham Treatment on 
Death or Bronchopulmonary Dysplasia in Preterm Infants With Respira-
tory Distress Syndrome: The OPTIMIST-A Randomized Clinical Trial. JAMA. 
2021;326(24):2478–2487. https:/​/doi.or​g/10.10​01/j​ama.2021.21892.

12.	 El-Nawawy AA, Abdelmohsen AM, Hassouna HM. Role of echocardiography 
in reducing shock reversal time in pediatric septic shock: a randomized 
controlled trial. J Pediatr (Rio J). 2018;94(1):31–39. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​1​0​1​6​/​j​.​j​p​
e​d​.​2​0​1​7​.​0​2​.​0​0​5​​​​​.​​​

13.	 Brierley J, Peters MJ. Distinct hemodynamic patterns of septic shock at 
presentation to pediatric intensive care. Pediatrics. 2008;122(4):752–759. ​h​t​t​​p​
s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​1​5​4​2​/​p​e​d​s​.​2​0​0​7​-​1​9​7​9​​​​​.​​​

14.	 Odetola FO, Gebremariam A. Resource Use and Outcomes for Children 
Hospitalized With Severe Sepsis or Septic Shock. J Intensive Care Med. 
2021;36(1):89–100. https:/​/doi.or​g/10.11​77/0​885066619885894.

15.	 Tibby SM, Hatherill M, Marsh MJ, Murdoch IA. Clinicians’ abilities to 
estimate cardiac index in ventilated children and infants. Arch Dis Child. 
1997;77(6):516–518. https:/​/doi.or​g/10.11​36/a​dc.77.6.516.

16.	 de Castro REV, Medeiros DNM, Prata-Barbosa A, de Magalhaes-Barbosa MC. 
Surviving Sepsis Campaign International Guidelines for the Management of 
Septic Shock and Sepsis-Associated Organ Dysfunction in Children. Pediatr 
Crit Care Med. 2020;21(10):924–925. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​1​0​9​7​/​P​C​C​.​0​0​0​0​0​0​0​0​0​0​
0​0​2​1​9​7​​​​​.​​​

17.	 Thiele RH, Bartels K, Gan TJ. Cardiac output monitoring: a contemporary 
assessment and review. Crit Care Med. 2015;43(1):177–185. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​
.​1​0​9​7​/​C​C​M​.​0​0​0​0​0​0​0​0​0​0​0​0​0​6​0​8​​​​​.​​​

18.	 Aslan N, Yildizdas D, Horoz OO, Coban Y, Demir F, Erdem S, et al. Comparison 
of cardiac output and cardiac index values measured by critical care echo-
cardiography with the values measured by pulse index continuous cardiac 
output (PiCCO) in the pediatric intensive care unit:a preliminary study. Ital J 
Pediatr. 2020;46(1):47. https:/​/doi.or​g/10.11​86/s​13052-020-0803-y.

19.	 Huguet R, Fard D, d’Humieres T, Brault-Meslin O, Faivre L, Nahory L, et al. 
Three-Dimensional Inferior Vena Cava for Assessing Central Venous Pressure 
in Patients with Cardiogenic Shock. J Am Soc Echocardiogr. 2018;31(9):1034–
1043. https:/​/doi.or​g/10.10​16/j​.echo.2018.04.003.

20.	 Ponikowski P, Voors AA, Anker SD, Bueno H, Cleland JG, Coats AJ, et al. ESC 
Guidelines for the diagnosis and treatment of acute and chronic heart failure: 
The Task Force for the diagnosis and treatment of acute and chronic heart 
failure of the European Society of Cardiology (ESC). Developed with the 

special contribution of the Heart Failure Association (HFA) of the ESC. Eur J 
Heart Fail. 2016;18(8):891–975. https:/​/doi.or​g/10.10​02/e​jhf.592.

21.	 Babaie S, Behzad A, Mohammadpour M, Reisi M. A Comparison between the 
Bedside Sonographic Measurements of the Inferior Vena Cava Indices and 
the Central Venous Pressure While Assessing the Decreased Intravascular 
Volume in Children. Adv Biomed Res. 2018;7:97. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​4​1​0​3​/​a​b​r​.​a​
b​r​_​2​1​3​_​1​7​​​​​.​​​

22.	 Pershad J, Myers S, Plouman C, Rosson C, Elam K, Wan J, et al. Bedside limited 
echocardiography by the emergency physician is accurate during evaluation 
of the critically ill patient. Pediatrics. 2004;114(6):e667-671. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​
1​5​4​2​/​p​e​d​s​.​2​0​0​4​-​0​8​8​1​​​​​.​​​

24.	 Chen L, Kim Y, Santucci KA. Use of ultrasound measurement of the inferior 
vena cava diameter as an objective tool in the assessment of children with 
clinical dehydration. Acad Emerg Med. 2007;14(10):841–845. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​
0​.​1​1​9​7​/​j​.​a​e​m​.​2​0​0​7​.​0​6​.​0​4​0​​​​​.​​​

24.	 Egbe AC, Connolly HM, Pellikka PA, Anderson JH, Miranda WR. Role of Inferior 
Vena Cava Dynamics for Estimating Right Atrial Pressure in Congenital Heart 
Disease. Circ Cardiovasc Imaging 2022, 15(9):e014308. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​1​1​6​
1​/​C​I​R​C​I​M​A​G​I​N​G​.​1​2​2​.​0​1​4​3​0​8​​​​​.​​​

25.	 Mugloo MM, Malik S, Akhtar R. Echocardiographic Inferior Vena Cava 
Measurement As An Alternative to Central Venous Pressure Measurement in 
Neonates. Indian J Pediatr. 2017;84(10):751–756. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​1​0​0​7​/​s​1​2​0​
9​8​-​0​1​7​-​2​3​8​2​-​5​​​​​.​​​

26.	 Taneja K, Kumar V, Anand R, Pemde HK. Normative Data for IVC Diameter and 
its Correlation with the Somatic Parameters in Healthy Indian Children. Indian 
J Pediatr. 2018;85(2):108–112. https:/​/doi.or​g/10.10​07/s​12098-017-2440-z.

27.	 Tan HL, Wijeweera O, Onigkeit J. Inferior vena cava guided fluid resuscitation - 
fact or fiction? Trends Anaesth Crit Care, 2015(5):70–75. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​1​0​1​
6​/​j​.​t​a​c​c​.​2​0​1​4​.​1​2​.​0​0​3​​​​​.​​​

28.	 Kaptein EM, Cantillep A, Kaptein JS, Oo Z, Thu MB, Thwe PP, et al. Comparison 
of Respiratory Variations of Subclavian Vein and Inferior Vena Cava in Hospi-
talized Patients with Kidney Disease. Int J Nephrol Renovasc Dis. 2020;13:329–
339. https:/​/doi.or​g/10.21​47/I​JNRD.S280458.

29.	 Kaptein MJ, Kaptein EM. Inferior Vena Cava Collapsibility Index: Clinical Valida-
tion and Application for Assessment of Relative Intravascular Volume. Adv 
Chronic Kidney Dis. 2021;28(3):218–226. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​1​0​5​3​/​j​.​a​c​k​d​.​2​0​2​1​.​0​
2​.​0​0​3​​​​​.​​​

30.	 Kaptein MJ, Kaptein EM. Inferior Vena Cava Collapsibility Index Clinical Valida-
tion and Application for Assessment of Relative Intravascular Volume. Adv 
Chronic Kidney Dis 2021;28(3):218–226. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​1​0​5​3​/​j​.​a​c​k​d​.​2​0​2​1​.​0​
2​.​0​0​3​​​​​​​

31.	 Saini SS, Sundaram V, Kumar P, Rohit MK. Functional echocardiographic 
preload markers in neonatal septic shock. J Matern Fetal Neonatal Med. 
2022;35(25):6815–6822. https:/​/doi.or​g/10.10​80/1​4767058.2021.1926447.

32.	 Kieliszczyk J, Baranowski W, Kosiak W. Usefulness of ultrasound examination 
in the evaluation of a neonate’s body fluid status. J Ultrason. 2016;16(65):125–
134. https:/​/doi.or​g/10.15​557/​JoU.2016.0014.

33.	 Fraga MV, Dysart KC, Rintoul N, Chaudhary AS, Ratcliffe SJ, Fedec A, et al. 
Cardiac Output Measurement Using the Ultrasonic Cardiac Output Monitor: 
A Validation Study in Newborn Infants. Neonatology. 2019;116(3):260–268. 
https:/​/doi.or​g/10.11​59/0​00501005.

34.	 Blehar DJ, Glazier S, Gaspari RJ. Correlation of corrected flow time in the 
carotid artery with changes in intravascular volume status. J Crit Care. 
2014;29(4):486–488. https:/​/doi.or​g/10.10​16/j​.jcrc.2014.03.025.

35.	 Kumar Rao Y, Arora S, Midha T, Rao N. Correlation of ultrasonographic 
measurement of inferior vena cava collapsibility index with central venous 
pressure in diagnosis and management of neonatal shock. Iranian Journal of 
Neonatology IJN. 2020;11(3):86–91. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​2​2​0​3​8​/​i​j​n​.​2​0​2​0​.​4​4​7​4​8​.​1​
7​4​3​​​​​.​​​

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.

https://doi.org/10.4103/JETS.JETS_154_20
https://doi.org/10.1080/14767058.2021.1926447
https://doi.org/10.1016/j.rmcr.2022.101695
https://doi.org/10.1186/s13052-020-00872-x
https://doi.org/10.1186/s13052-020-00872-x
https://doi.org/10.1001/jama.2022.24388
https://doi.org/10.1001/jama.2022.24388
https://doi.org/10.1097/PCC.0000000000002197
https://doi.org/10.1097/PCC.0000000000002197
https://doi.org/10.1016/j.tcm.2017.01.006
https://doi.org/10.1016/j.tcm.2017.01.006
https://doi.org/10.1001/jama.2021.21892
https://doi.org/10.1016/j.jped.2017.02.005
https://doi.org/10.1016/j.jped.2017.02.005
https://doi.org/10.1542/peds.2007-1979
https://doi.org/10.1542/peds.2007-1979
https://doi.org/10.1177/0885066619885894
https://doi.org/10.1136/adc.77.6.516
https://doi.org/10.1097/PCC.0000000000002197
https://doi.org/10.1097/PCC.0000000000002197
https://doi.org/10.1097/CCM.0000000000000608
https://doi.org/10.1097/CCM.0000000000000608
https://doi.org/10.1186/s13052-020-0803-y
https://doi.org/10.1016/j.echo.2018.04.003
https://doi.org/10.1002/ejhf.592
https://doi.org/10.4103/abr.abr_213_17
https://doi.org/10.4103/abr.abr_213_17
https://doi.org/10.1542/peds.2004-0881
https://doi.org/10.1542/peds.2004-0881
https://doi.org/10.1197/j.aem.2007.06.040
https://doi.org/10.1197/j.aem.2007.06.040
https://doi.org/10.1161/CIRCIMAGING.122.014308
https://doi.org/10.1161/CIRCIMAGING.122.014308
https://doi.org/10.1007/s12098-017-2382-5
https://doi.org/10.1007/s12098-017-2382-5
https://doi.org/10.1007/s12098-017-2440-z
https://doi.org/10.1016/j.tacc.2014.12.003
https://doi.org/10.1016/j.tacc.2014.12.003
https://doi.org/10.2147/IJNRD.S280458
https://doi.org/10.1053/j.ackd.2021.02.003
https://doi.org/10.1053/j.ackd.2021.02.003
https://doi.org/10.1053/j.ackd.2021.02.003
https://doi.org/10.1053/j.ackd.2021.02.003
https://doi.org/10.1080/14767058.2021.1926447
https://doi.org/10.15557/JoU.2016.0014
https://doi.org/10.1159/000501005
https://doi.org/10.1016/j.jcrc.2014.03.025
https://doi.org/10.22038/ijn.2020.44748.1743
https://doi.org/10.22038/ijn.2020.44748.1743

	﻿Abnormal characteristics of inferior vena cava and abdominal aorta among neonates with early onset septic shock
	﻿Abstract
	﻿Introduction
	﻿Patients and methods
	﻿IVC-CI and AO
	﻿Statistical analyses

	﻿Results
	﻿Discussion
	﻿Conclusions
	﻿References


