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Abnormal characteristics of inferior vena
cava and abdominal aorta among neonates
with early onset septic shock
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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-Cl), 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-Cl
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-Cl (P < 0.05). The cut-off values for indicating EOS-shock
were >34.15% for IVC-Cl, <47.58% for IVCmin/AQ, and <66.11% for IVCmax/AQ.

Conclusions The IVC-Cl, VCmin/AQ, and IVCmax/AQ 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.
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Fig. 1 2-D ultrasound showing IVC entering the right atrium

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/AQO) 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
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Fig. 2 2-D ultrasound showing IVCmin and IVCmax

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-Cl 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
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(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
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Admitted to the NICU
(n=282)

Exclusion criteria (n=50)

-Admission after 24 hours of birth (n=16)
-Congenital heart disease (n=8)

-High frequency ventilator (n=19)
-Congenital multiple malformations (n=2)

Enrolled in the sduty
(n=232)

-Death within 7 days (n=5)

Cardiogenic shock (n=6)

Only sepsis without shock (n=4)
Late onset sepsis and shock (n=4)

Analyzed in the sduty
(n=218)

Control group
(n=200)

EOS-shock group
(n=18)

Fig. 3 Flowchat of the sduty. EOS-shock group: early onset septic shock group

analysis was used to accurately assess the ability of IVC-
CI, IVCmin/AQO, 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/AQO) 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/AQO, and <66.11% for
IVCmax/AO (Table 4).
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é me oz Discussion
g |28 2 Even with clinical recognition and targeted hemody-
s f i uxt namic resuscitation [11-13], the mortality rate for neo-
E.’, & 3 nates with septic shock was as high as 34% [14]. The high
% % § % burden was likely due to the non-precise clinical evalu-
5 |Llglgy ation [15, 16] and invasive risk from the hemodynamic
s sz = monitoring [17]. On the other hand, ECHO showed good
E % % 2 % 2 9 consistency with invasive hemodynamic methods such
e m as pulse index contour cardiac output (PiCCO) [18] and
. g § 2 E central venous pressure (CVP) [19].
. According to the guidelines from the American Echo-
% g8 cardiography Association, during forced breathing for
g 2 % % § % g § adults, the width of the IVC and the IVC-CI should cor-
o a g g g respond to CVP, indicating the amount of fluid should
= guide clinical decision-making [20]. Therefore, the com-
5 o % R fsj § bination of IVC and IVC-CI can improve the accuracy of
R blood volume assessment. In a study of 70 children aged
RlLE 2335 R 1 month to 12 years, the results show a negative corre-
- g __ lation between IVC-CI and CVP. IVC-CI>50% corre-
g | 7 22 sponded to CVP <8 cmH20, indicating insufficient blood
g 2l g § § % % %‘ volume and usefulness of IVC-CI to evaluate the blood
2leldd s 3aL volume status of critically ill pediatric patients [21].
g'«‘ g _ These indicators show their application for management
g’ o | o g _ § § of pediatric shock patients [22, 23], but without evidence
£ é @ @ @ S @ 2F for neonates. Our study fulfills the knowledge gap by pro-
B|Vis|8 s R 3 &K viding reference values for IVC parameters across gesta-
= g tional ages and birth weights among stable neonates.
i IR In this study, IVCmin, IVCmax, and AO were collected
g g 8 2 5 by a cardiac ultrasound doctor and a NICU doctor, and
EEIRRE g g 2 there were no statistically significant differences between
= ? 55 % them. In a study using adults, there was intra- and inter-
& |8 |5 S observer accuracy in measuring IVC by ECHO [24].
é I Ll This indicates that the parameters can serve as impor-
= |2 |88 & tant indicators for evaluating hemodynamics in criti-
é s [F92922 cally ill patients. Our results provide normal reference
2 Ee 8 ranges for IVCmin, IVCmax, IVC-CI, IVCmin/AO, and
% -~ |8s8282¢2 IVCmax/AO stratified by gestational maturity and birth
o g gg weight in hemodynamically stable neonates (the control
£ 4.2 8 @ s3d group). IVC diameter and AQO increased with greater
g ® E ‘5 % % % 2 % maturity and size, while IVC-CI and IVC/AO were simi-
= s 2= lar across groups. Another study in neonates shows that
% Flls o % P % % there was a good negative correlation between IVC-CI
SR and CVP in mechanically ventilated patients, but no cor-
:]C_J i P relation with gestational age and weight. [IVCmax and
8 B ;E f?g if IVCmin were not correlated with CVP, but had a good
é HEIER] R positive correlation with gestational age and weight [25].
% E Y ISR SN A study in healthy children also shows that age, height,
S g g8 and weight were positively correlated with IVCmax
Oz o g % 2 % é and IVCmin, while IVC-CI was not significantly corre-
s §1 % |2:| m i & % g lated with age, height, and weigh [26]. These are consis-
Y . tent with the results of our study. In addition, IVC-CI,
- EE_ S olg IVCmin/AO, and IVCmax/AO did not change with the
% 3 £z SE < § 2 days of increased age, and the presence of the PDA (Not
o2 ¥ EY QY g hsPDA) did not affect them. In autonomous breathing,
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Table 2 [VC-C|, 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-Cl(%) 30.9%(%5.5%) 30.9%(+7.7%) 29.39%(+5.8%) NS 32.59%(+6.6%) 30.49%(£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) 346(x29) 357(x23) 02701
Birth weight (g) 2224(x750) 2670(x640) 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) 93(+1.8) 0.0561
Apgar 5 min 9.3(+0.7) 9.5(+x0.9) 03164
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) 04757
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

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 4 Comparison of IVC-Cl, VCmin/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-ClI 30.5+6.5 39.6+93 <0.0001 >342 824 74.8 0.68
IVCmin/AO 543+95 416+80 <0.0001 <476 882 813 0.68
IVCmax/AO 731+£+93 650+11.0 <0.0001 <66.1 813 763 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
c¢cmH20), 22 newborns with normal blood volume (CVP
5-8 cmH20), and 34 newborns with high blood volume
(CVP>8 cmH20) [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
CVD, 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/A0<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-CIL, 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
IvVC Inferior vena cava diameter

IVC-CI Inferior vena cava collapsibility index
IVC/AO  Inferior vena cava to abdominal aorta ratio
CvpP Central venous pressure

GA Gestational age

BW Body weight
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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
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