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This study aims to compare the efficiencies of three noninvasive technologies
in monitoring the perioperative hemodynamics of children with congenital
heart disease (CHD) including ventricular septal defects with or without atrial
septal defects. Three noninvasive technologies included transthoracic echo-
cardiography (TTE), electrical cardiometry (EC), and vasoactive inotropic
score (VIS). Parameters included left ventricular ejection fraction (LVEF) and
cardiac index (cardiac index monitored by ultrasound, uCI) in TTE, cardiac
index (cardiac index monitored by electrical cardiometry, eCI) and systemic
vascular resistance index (SVRI) in EC, and VIS. Seventy-four children were
eligible. Three types of adverse events (AEs) related to disease activity and
prognosis were observed, including cardio-pulmonary resuscitation in five
cases (5/74, 6.76%), hypoxic-ischemic brain damage in four cases (4/74, 5.41%)
and hemopurification in four cases (4/74, 5.41%). Except for LVEF, eight pa-
rameters (VISmax [maximum VIS], VISmea [mean VIS], uCImea [mean uCI],
uCImin [minimum uCI], eCImea [mean eCI|, eCImin [minimum eCI],
SVRImea [mean SVRI], and SVRImin [minimum SVRI]) showed predictive
value for any AE (p < 0.05). VISmea, uCImea, and eCImea demonstrated the
highest accuracy and linear associations (AUROC > 0.9, p = 0.00). Linear
associations also existed between the three groups of parameters and the
duration of mechanical ventilation (MV) and the length of stay (LOS) in the
intensive care unit (ICU). The duration of MV and the LOS in the ICU
increased as VISmea rose, or uCImea and eCImea fell (p < 0.05). LVEF in TTE
could not predict any AE (p > 0.05) and not fully reflect the cardiovascular
function. Therefore, most parameters obtained in TTE, EC, and VIS can reflect
the perioperative hemodynamics of children with CHD, with VISmea, uCI-
mea, and eCImea being most accurate.
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1 | INTRODUCTION

Congenital heart disease (CHD) occurs in 7-8%o of chil-
dren and is a common cause of heart failure." Ever-
evolving cardiac surgeries under extracorporeal circula-
tion have significantly reduced the morbidity and
mortality of heart failure.” However, postoperative he-
modynamic instability, such as low cardiac output syn-
drome, still worsens the prognosis of CHD children.*™
Perioperative hemodynamic parameters can be opti-
mized to reduce the risks of heart failure and related
deaths and complications, shorten the length of stay
(LOS), and recover vital organ functions.®*" Therefore,
acquiring accurate hemodynamic parameters is critical to
improve the disease status and prognosis. Invasive tech-
nologies, such as the Swan-Ganz thermodilution pulmo-
nary artery catheter, are considered a gold standard.
However, these technologies may provide deviated data in
CHD children presenting cardiac shunt. Complications
such as catheter-vessel mismatch, wound infection, and
thrombosis, also limit their wide application.'*'* There-
fore, noninvasive technologies have attracted increasing
interest in the field.

Transthoracic echocardiography (TTE), electrical
cardiometry (EC), and vasoactive inotropic score (VIS)
have shown value in evaluating children with critical
diseases or CHD.*'*'*!> However, their advantages in
describing hemodynamic parameters related to disease
status and prognosis have never been analyzed. In this
study, we compared their performance in monitoring the
perioperative hemodynamics of CHD children. We also
screened out efficient predictive parameters detected by
the three methods, which may be used to improve the
perioperative management of CHD children.

2 | SUBJECTS AND METHODS

2.1 | Subjects

Infants (aged<1 year) in the perioperative period who
had received cardiac surgeries under extracorporeal cir-
culation at the Children's Hospital of Chongqing Medical
University from 1 July 2023 to 31 December 2023, were
included in the study. CHD mainly included ventricular
septal defects with or without atrial septal defects.
Operative indications included pulmonary artery systolic

pressure >40 mmHg and modified Ross score for cardiac
function >7.

Patients were excluded if any of the following condi-
tion is present: complex CHD; pulmonary artery systolic
pressure <40 mmHg; Eisenmenger syndrome; modified
Ross score for cardiac function <7; unclosed chest during
the perioperative period; pneumothorax or subcutaneous
emphysema during the perioperative period; use of high-
frequency oscillation mechanical ventilation (MV); se-
vere skin damage or obesity.

3 | METHODS

3.1 | Data collection

The clinical profiles of patients during the whole stay in the
intensive care unit (ICU) were collected (Table 1). In order
to maintain the perfusion and function of the essential
organ, each patient received conventional management to
keep the invasive radial artery blood pressure above the
mean value of the same-age children reduced by two
standard deviations. The VIS was calculated'® as
VIS = dopamine dose (ug/kg/min) + dobutamine dose
(ug/kg/min) + 10 x milrinone dose (ug/kg/min) + 100
x norepinephrine dose (ug/kg/min) 4+ 100 x epinephrine
dose (ug/kg/min) + 10,000 x vasopressin dose (Units/kg/
min). The VIS was calculated once an hour during the first
24 h after the surgery. Maximum VIS (VISmax) and mean
VIS (VISmea) were recorded. The statutory guardians of
infants provided written informed consent.

3.2 | TTE and EC

At 6, 12, 18, 24 h and immediately after surgery under
extracorporeal circulation, two ultrasonologists used a
portable ultrasound system (M-Turbo, Sonosite) to record
the left ventricular ejection fraction (LVEF) and uCI
(uCI = cardiac output/body surface area) from the par-
asternal long-axis view and the apical five-chamber view.
For each parameter, its value was measured by one
ultrasonologist for three times. The mean of these values
was calculated. The two means obtained by two ultra-
sonologists were further averaged as the final value of
this parameter in this round of recording. After five
rounds of recording, the minimum LVEF (LVEFmin) and
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TABLE 1 Clinical profiles of 74 CHD children.

Characteristics Value
Sex
Male (n, %) 39 (52.70%)

Female (n, %) 35 (47.30%)

Body weight (kg) 5.40 £+ 1.47

Duration of extracorporeal circulation (min) 104 + 12.55

Duration of aortic occlusion (min) 62 + 8.35
VISmax 17.10 + 8.44
VISmea 14.59 + 6.27
uClmea (L/min.m?) 3.64 + 1.12
uCImin (L/min.m?) 2.85 + 1.04
eCImea (L/min.m?) 3.29 + 0.72
eCImin (L/min.m?) 2.53 £+ 0.70

SVRImea (cmH,0.s/L.m?) 1212.32 + 276.05

SVRImin (cmH,0.s/L.m?) 1044.18 + 301.18

LVEFmea (%) 59.22 + 6.11
LVEFmin (%) 54.29 + 6.29
AE
CPR (n, %) 5 (6.76%)
Hemopurification (n, %) 4 (5.41%)
Hepoxic-ischemic brain injury (n, %) 4 (5.41%)
Duration of MV (h) 34 (20-93)
LOS in the ICU (d) 3 (2-7)

Note: Values are Number (%) or arithmetic mean + 1.96 X standard
deviation.

Abbreviations: AE, adverse event; CHD, congenital heart disease; CPR,
cardio-pulmonary resuscitation; eCI, cardiac index detected by electrical
cardiometry; ICU, intensive care unit; LOS, length of stay; LVEF, left
ventricular ejection fraction; MV, mechanical ventilation; SVRI, systemic
vascular resistance index; uClI, cardiac index detected by transthoracic
echocardiography; VIS, vasoactive-inotropic score.

minimum uCI (uCImin), as well as mean LVEF (LVEF-
mea) and mean uCI (uCImea) were calculated. Mean-
while, another two investigators used EC (AESCULON,
OSYPKAMED) to record cardiac index (cardiac index
monitored by electrical cardiometry, eCI) and systemic
vascular resistance index (SVRI). Their minimums (eCI-
min, SVRImin) and means (eCIlmea, SVRImea) were
calculated similarly. All investigators were blind to the
others' results.

Electrical cardiometry is a bioimpedance technology
for continuous (up to 24 h) monitoring of hemodynamic
parameters. Four electrodes (black, white, red and green)
were pasted respectively on the mid-forehead, the base of
the left neck, the left lateral thorax at the level of xiphoid
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sternum and the left lateral thigh to monitor the hemo-
dynamic parameters. This technique can monitor more
than 10 hemodynamic parameters including cardiac in-
dex and peripheral vascular resistance index.

3.3 | Adverse events (AEs)

As cardio-pulmonary resuscitation (CPR), hemopur-
ification and hypoxic-ischemic brain injury often occur in
patients with CHD during the perioperative period as
results of hemodynamic turbulence, and the occurrence
of these events further reflects the tendency of disease
aggravation and poor prognosis, representing direct
outcome of hemodynamic deterioration. These three
clinical events were defined as major adverse events of
hemodynamic disturbance in this study.

3.4 | Statistical analysis

The clinical and perioperative hemodynamic data were
analyzed with SPSS 22.0. ROC curves were plotted to
evaluate the predictive power of parameters, and corre-
lation analysis was performed to evaluate their associa-
tions. p < 0.05 was considered statistically significant.

4 | RESULTS

A total of 74 infants were included in this study. Their
clinical data and hemodynamic parameters are shown in
Table 1. During the perioperative period, three types of
AEs were observed, including CPR in five cases (5/74,
6.75%), hypoxic-ischemic brain injury in four cases (4/
74, 5.41%), and hemopurification in four cases (4/74,
5.41%). AEs occasionally occurred in 10 of the 74 cases
(10/74, 13.51%). Therefore, we plotted ROC curves to
analyze the association between hemodynamic parame-
ters and AEs (Figure 1). We found that VISmax, VIS-
mea, uCImea, uCImin, eCImea, eCImin, SVRImea, and
SVRImin were all statistically associated with any AE
[VISmax, p < 0.01; VISmea, p < 0.01; uCImea, p < 0.01;
uClmin, p < 0.01; eCImea, p < 0.01; eCImin, p < 0.01;
SVRImea p = 0.01; SVRImin, p = 0.01]. Once their
values, especially those of VISmea, uClmea, and eCI-
mea, exceeded the J level, the odds of AEs increased
significantly, and the prognosis became much worse
[VISmax, p < 0.01; VISmea, p < 0.01; uCImea, p < 0.01;
uClmin, p < 0.01; eClmea, p < 0.01; eCImin, p < 0.01;
SVRImea p = 0.01; SVRImin, p = 0.01] (Figure 1,
Table 2). The parameters with prominent statistical
significance were submitted to correlation analysis,
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FIGURE 1 ROC curves illustrating the predictive value of parameters obtained from three methods in predicting any of the AEs. AEs,

adverse events; FPR, false positive rate; TPR, true positive rate; 1 (LVEFmea line overlaps with LVEFmin line); 2 (SVRImea line overlaps
with SVRImin line); 3 (SVRImea line, SVRImin line, and LVEFmea line overlap); 4 (SVRImea line overlaps with LVEFmea line); 5

(eCImea line overlaps with eCImin line); 6 (uCImea line overlaps with eCImea line); 7 (uCImea line overlaps with uCImin line); 8 (eCImea
line overlaps with uCImin line); 9 (uCImea line, eCImin line, and uCImin line overlap); 10 (uCImea line overlaps with eCImin line); 11

(VISmax line overlaps with VISmea line).

TABLE 2 Areas under curves and J values of parameters detected by three methods in predicting any of the AEs.

95% CI
Standard Lower
AUROC error P limit

VISmax 0.91 0.04 <0.01 0.82
VISmea 0.91 0.04 <0.01 0.83
uClmea 0.93 0.03 <0.01 0.87
uCImin 0.91 0.04 <0.01 0.84
eClmea 0.92 0.03 <0.01 0.86
eCImin 0.92 0.03 <0.01 0.86
SVRImea 0.78 0.08 0.01 0.62
SVRImin 0.75 0.08 0.01 0.60
LVEFmea 0.54 0.10 0.70 0.34
LVEFmin 0.53 0.10 0.73 0.34

Upper

limit J Sensitivity Specificity
0.99 19.50 90% 82.8%
0.99 18.02 90% 84.4%
0.99 2.70 85.9% 100%
0.98 2.07 76.6% 100%
0.98 2.79 82.8% 100%
0.99 1.99 82.8% 100%
0.94 1008.50 90.6% 40%
0.90 897.50 82.8% 40%
0.73 61.06 35.9% 10%
0.72 55.75 37.5% 20%

Abbreviations: AE, adverse event; AUROC, areas under the ROC curve; eCl, cardiac index detected by electrical cardiometry; LVEEF, left ventricular ejection
fraction; SVRI, systemic vascular resistance index; uClI, cardiac index detected by transthoracic echocardiography; VIS, vasoactive-inotropic score.

which further revealed the linear association between
VISmea, uCIlmea, and eCIlmea (AUROC [VIS-
mea] = 091, p < 0.01; AUROC [uClmea] = 0.93,
p < 0.01; AUROC [eCImea] = 0.92, p < 0.01; correlation
coefficient [VISmea-uCImea, p < 0.01; VISmea-eCImea,
p < 0.01; uCImea-eCImea, p < 0.01]) (Figure 2, Table 3).
Therefore, it can be considered that the three

parameters achieved consistent results in evaluating the
perioperative hemodynamics and prognosis. However,
LVEF, as a conventional indicator of contractile func-
tion, showed no statistical significance in predicting any
of the AEs (AUROC [LVEFmea] = 0.54, p = 0.70;
AUROC [LVEFmin] = 0.53, p = 0.73) (Figure 1, Ta-
ble 2). It could not fully reflect the disease and
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FIGURE 2 Linear associations between VISmea, uClmea,
and eCImea. eCl, cardiac index detected by electrical cardiometry;
uClI, cardiac index detected by transthoracic echocardiography;
VIS, vasoactive-inotropic score.

cardiovascular functional statuses of CHD children
during the perioperative period.

We also found that the duration of MV and LOS in the
ICU prolongated as VISmea increased or uCImea and
eCImea decreased, with a linear association between
them (correlation coefficient [Duration of MV-VISmea,
p < 0.01; Duration of MV-uCImea, p = 0.02; Duration of
MV-eClmea, p = 0.01; LOS in the ICU-VISmea, p < 0.01;
LOS in the ICU-uCImea, p < 0.01; LOS in the ICU-

Discovery
TABLE 3 Correlation coefficients between VISmea,
uClImea, and eCImea.

Dependent variables
(Y)-independent

variables (X) b R* F D Constant
VISmea-uClmea —-2.50 0.32 34.54 <0.01 23.33
VISmea-eCImea —-3.16 0.22 20.11 <0.01 24.60
uClImea-eCImea 0.89 0.33 36.12 <0.01 0.72

Abbreviations: eCI, cardiac index detected by electrical cardiometry; uCI,
cardiac index detected by transthoracic echocardiography; VIS,
vasoactive-inotropic score.

eCImea, p = 0.01]) (Figures 3 and 4, Table 4). These
findings also supported the value of hemodynamic pa-
rameters obtained by three noninvasive tools in predict-
ing disease status and prognosis.

5 | DISCUSSION

Congenital heart disease is a common disease that can
cause severe or critical symptoms. Disrupted hemody-
namics may occur during the perioperative period of
extracorporeal circulation, which further worsens the
condition and prognosis of patients. In these cases,
vasoactive agents are usually indicated. It has been re-
ported that VIS, as a weighted sum of all medicated
vasoactive agents, can be used to evaluate the disease
status and prognosis after cardiac surgery, thus making it
a parameter for evaluating cardiac dysfunction or he-
modynamic disorders.”'>* In the present study, a
higher VIS within perioperative 24 h predicted a higher
risk of AEs, longer LOS in the ICU and duration of MV
(Figures 1,3 and 4; Tables 2 and 4). In addition, some
critical values, such as VISmax (19.50) and VISmea
(18.02), exhibited high sensitivity and specificity
(Table 2). Similar to the cardiac indexes obtained from
the other two techniques, VIS demonstrated a strong
ability to predict the risk of clinical AEs (AUROC [VIS-
max] = 0.91, p < 0.01; AUROC [VISmea] = 0.91,
p < 0.01). Besides, VIS was superior to SVRI (detected by
EC) and LVEF (detected by TTE) (Figure 1, Table 2).
Therefore, our results also proved that VIS could
accurately reflect the severity of the hemodynamic
disorder. However, VIS is routinely used to evaluate the
general hemodynamic situation without giving the
value of each parameter. We introduced the other two
noninvasive techniques and compared their results
with VIS.

As a routine tool for monitoring cardiac function in
pediatric patients, echocardiography is commonly used to
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FIGURE 3 Linear relationships of LOS in the ICU with
VISmea, uCImea, and eCImea. eCl, cardiac index detected by
electrical cardiometry; ICU, intensive care unit; LOS, length of
stay; uCl, cardiac index detected by transthoracic
echocardiography; VIS, vasoactive-inotropic score.

diagnose heart failure.®** In the present study, however,
we found no evident association between LVEF and dis-
ease severity or cardiovascular function in CHD children
(Figure 1, Table 2). An explanation may be that after
ventricular septal defect repair, the value of LVEF may
be errored by the presence of left ventricle segmental
systolic function disorder or ventricular shunt, which
cannot reflect the cardiac pump function. However, the
uCI detected in the present study escaped this effect,
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FIGURE 4 Linear relationships of the duration of MV with
VISmea, uCImea, and eCImea. eClI, cardiac index detected by
electrical cardiometry; MV, mechanical ventilation; uClI, cardiac
index detected by transthoracic echocardiography; VIS,
vasoactive-inotropic score.

because the cardiac index of the left ventricular outflow
tract was directly measured based on the blood flowing
into the peripheral organs. We found that a lower uCI
parameter indicated a higher risk of AE and a longer
treatment. Particularly, uCImea <2.70/min-m’® or
uCImin <2.07 L/min-m? could achieve a specificity of
100%. Among all the parameters, uCImea manifested the
highest accuracy in predicting AEs (AUROC 0.93,
p < 0.01) (Figures 1,3 and 4; Tables 2 and 4). These
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TABLE 4 Correlation coefficients between LOS in the ICU,
duration of MV and VISmea, uCImea, and eCImea.

Dependent variables
(Y)-independent

variables (X) b R> F D Constant

LOS in the ICU-VISmea 0.72 0.34 45.64 <0.01 -4.67

LOS in the ICU-uCImea -1.68 0.11 8.79 <0.01 11.76
LOS in the ICU-eCImea —2.54 0.11 841 0.01 13.97
Duration of MV-VISmea  10.70 0.38 43.55 <0.01 —82.82
Duration of MV-uCImea -20.83 0.07 5.77 0.02 145.25
Duration of MV-eClmea —37.34 0.10 8.07 0.01 192.15

Abbreviations: eCI, cardiac index detected by electrical cardiometry; ICU,
intensive care unit; LOS, length of stay; MV, mechanical ventilation; uCI,
cardiac index detected by transthoracic echocardiography; VIS,
vasoactive-inotropic score.

results further verified the superiority of uClI to other in-
dexes acquired by noninvasive techniques in evaluating
the hemodynamics of CHD children. Therefore, some
scholars have advocated that uCI can be used as a standard
to evaluate the target organ perfusion and oxygen supply in
hemodynamic disorders and is associated with early status
and prognosis of the disease.”> However, the application of
TTE is sometimes limited by various factors (such as
complicated manipulation), making it difficult to perform
continuous monitoring with TTE. Therefore, we took EC
parameters as reference.

Electrical cardiometry is a bioimpedance technology
for continuous (up to 24 h) monitoring of hemodynamic
parameters. It has been suggested that the cardiac output
detected by EC is not as accurate as that detected by
invasive technology or TTE, even lower than the actual
cardiac output.®'*'*** However, to overcome the disad-
vantage of accurate parameters, EC has been increasingly
recommended to continuously monitor hemodynamic
parameters and their trends during the interven-
tion.>'*>!%?>2° In the present study, cardiac indexes
detected by EC and those detected by TTE showed linear
relationships with VIS. All three parameters (eCI, uClI,
and VIS) obtained by three methods showed similar ac-
curacy in predicting any of the AEs, LOS of ICU, and
duration of MV (Figures 1-4; Tables 2-4). Therefore, it
can be considered that three parameters (eCI, uCI, and
VIS) underwent similar trends and could reflect the dis-
ease status and prognosis. However, we found that eCI
was lower than uCI detected at the same time (Table 1;
eClmea and uClmea, p = 0.02; eCImin and uClmin,
p = 0.03), which was consistent with the previous result
about cardiac output,®'>*** and possibly related with
factors like EC methodology or chest wall thickness.
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Besides, SVRI detected by EC could also reflect the
severity and prognosis of the disease, but its accuracy was
lower than that of other parameters (AUROC [SVRI-
mea] = 0.78, p = 0.01; AUROC [SVRImin] = 0.75,
p = 0.01) (Figure 1; Table 2). EC possibly reflects the
hemodynamics in the thorax and cannot fully reflect the
hemodynamics in all the organs, thus affecting the ac-
curacy of SVRI in predicting the disease status and
prognosis. Data on EC and SVRI are scarce, and more in-
depth studies are expected. In summary, continuous pa-
rameters obtained by EC can display the changes in he-
modynamics, showing significant association with those
detected by the other two methods. In addition, EC is
safe, reproducible, and more comprehensive, making it a
valuable complement to TTE.*

The present study is novel in that three noninvasive
methods were simultaneously used to monitor the he-
modynamics in CHD children. This monitoring pattern
integrates the comprehensiveness of VIS, the accuracy of
TTE, and the continuousness of EC. VISmea, uCImea,
and eClmea are all linearly intercorrelated, and three
parameters are more accurate in predicting any of the
AEs (Figures 1 and 2, Tables 2 and 3). Therefore, their
combination is more accurate in continuously monitoring
the hemodynamics of CHD children. However, this study
is limited by its single-center design and small sample
size. Future larger-sample, multi-center studies should
yield more reliable results.

6 | CONCLUSIONS

Parameters detected by TTE, EC, and VIS (especially
VISmea, uClmea, and eCImea, but not LVEF) can
accurately manifest the perioperative hemodynamics and
predict the outcomes of CHD children. Their combina-
tion has the potential to better describe the hemody-
namics of this population in the clinical setting.
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