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ABSTRACT

Background: There is no gold standard sedation method for pediatric cardiac catheterization. In congenital heart
diseases with intracardiac shunts, hemodynamic parameters are prone to change depending on the ventilation
conditions and anesthetics, although few studies have examined these effects. The purpose of this study was to
investigate the effects of two different sedation methods on the hemodynamic parameters. Methods: This study
retrospectively evaluated consecutive patients with ventricular septal defect (VSD) below 1 year of age who
underwent cardiac catheterization at Aichi Children’s Health and Medical Center, who were divided into age- and
VSD diameter-matched general anesthesia (GA) and monitored anesthesia care (MAC) under the natural airway
groups (n = 40 each), for comparison of hemodynamic parameters. Results: In the GA group, arterial blood pH
and arterial partial pressure of oxygen were significantly higher (p < 0.01), whereas arterial partial pressure of
carbon dioxide was significantly lower than in the MAC group (p < 0.01). Mean pulmonary artery pressure
(p < 0.05) and systemic blood pressure (p < 0.01) were lower in the GA group. Pulmonary vascular resistance
index (p < 0.01) and systemic vascular resistance index (p < 0.01) were also significantly lower in the GA group
than the MAC group. There were no significant differences in pulmonary blood flow index, systemic blood flow
index, and pulmonary/systemic blood flow ratio between the two groups. Conclusions: Cardiac catheterization
under GA in VSD patients results in different hemodynamic parameters compared to that under MAC. In par-
ticular, when using pulmonary artery pressure and pulmonary vascular resistance measured under GA for judg-
ment regarding the surgical indications or perioperative management, consideration should be given to the fact
that these parameters might be lower compared to those measured under MAC.
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1 Introduction

Congenital heart diseases (CHD) have great impacts on life prognosis and are frequently found in more
than 1% of newborns [1]. Among them, CHD with left-to-right shunts, such as ventricular septal defect
(VSD), are common, with some of them requiring surgical treatment. Cardiac catheterization is an
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important examination for understanding the hemodynamics of CHD with left-to-right shunts and deciding
the therapeutic strategy [2].

Pediatric cardiac catheterization can be performed under sedation and intravenous anesthesia without
artificial ventilation (monitored anesthesia care: MAC), or under general anesthesia (GA) with artificial
ventilation [3,4]. In addition, a consensus statement by the Society for Cardiovascular Angiography and
Interventions (SCAI), the Society for Pediatric Anesthesia (SPA) and the Congenital Cardiac Anesthesia
Society (CCAS) states that there is no specific sedation method recommended for all CHD [5]. Although
ventilation methods and anesthetics can affect the hemodynamics of CHD, only a few reports have
discussed how the hemodynamic parameters used to determine surgical indications are affected by
sedation methods. In addition, there is no report describing which sedation method should be used to
measure indexes such as Qp/Qs and pulmonary vascular resistance index (PVRI), to determine the
surgical indications for CHD with left-to-right shunt.

In Aichi Children’s Health and Medical Center, cardiac catheterization was conventionally performed
under MAC by pediatric cardiologists. However, since 2017, when anesthesiologists have been in charge
of sedation, cardiac catheterization has been performed under GA in all cases. Therefore, it was possible
to compare the results of cardiac catheterizations performed under different sedation methods. The
purpose of this study was to compare hemodynamic parameters in VSD patients measured during cardiac
catheterization under MAC vs. those measured under GA, and to investigate the effects of each sedation
method on the hemodynamic parameters. The ultimate goal of this study was to clarify pitfalls when
using the parameters measured under GA for judgment regarding the surgical indications and
perioperative management.

2 Methods

2.1 Study Design and Population

This was a single-center, retrospective, observational study. The subjects were consecutive VSD patients
less than 1 year of age who underwent cardiac catheterization between May 2016 and August 2021 at Aichi
Children’s Health and Medical Center. All patients underwent cardiac examination because of high
pulmonary blood flow and for consideration of surgical indications. Hemodynamic parameters during
cardiac catheterization were retrospectively examined and compared between consecutive cases in the
general anesthesia (GA) group and the MAC group. Cases with structural abnormalities that might affect
the amount of left-to-right shunt, such as pulmonary valve stenosis, aortic valve stenosis, coarctation of
the aorta, large atrial septal defect, patent ductus arteriosus and complex structural heart diseases were
excluded.

Patients with chromosomal abnormalities including trisomy 21 and systemic diseases that could affect
examination results were also excluded.

2.2 Sedation and Anesthesia Methods

As premedication before sedation, midazolam (0.5 mg/kg) was orally administered in the GA group,
pentazocine hydrochloride (0.3—0.5 mg/kg/dose) and hydroxyzine hydrochloride (0.5-1.0 mg/kg/dose)
were administered by intravenous injection in the MAC group. The usage and dosage of anesthetics in
GA and MAC are shown in Table 1.

General anesthesia under intubation and artificial ventilation was performed by anesthesiologists.
Oxygen was only used at the time of anesthesia induction, and catheterization was started after the patient
breathed room air for at least 5 min. During catheterization, positive end-expiratory pressure was set as
5 emH,0, and inspiratory pressure was set to avoid hyperventilation and hypoventilation by monitoring
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the end tidal CO,. MAC method under the spontaneous respiration was performed by pediatric cardiologists.
In both groups, 1% lidocaine (maximum dose: 5 mg/kg/dose) was used for local anesthesia at the puncture
site.

Table 1: Usage and dosages of anesthetics in the GA and MAC groups

Anesthesia Age of Induction Maintenance
patients
GA <1 month Midazolam (0.2 mg/kg/dose) and Midazolam (0.1-0.2 mg/kg/h) civ and
old fentanyl (1-2 pg/kg/dose) i.v inhalation of sevoflurane (0.5%-3%)
1-5 Propofol (2-2.5 mg/kg/dose) and  Propofol (2 mg/kg/h) civ and inhalation of
months old fentanyl (2 pg/kg/dose) i.v sevoflurane (2%)
>6 months Propofol (2-2.5 mg/kg/dose) and  Propofol (12 mg/kg/h) civ
old fentanyl (2 pg/kg/dose) i.v by a step down method*

MAC All ages  Secobarbital (3—5 mg/kg/dose) or  Secobarbital (3—5 mg/kg/dose) or
midazolam (0.1-0.3 mg/kg/dose) midazolam (0.1-0.3 mg/kg/dose) i.v
IRY
Note: GA, general anesthesia; MAC, monitored anesthesia care; i.v, intravenous injection; po, per os; civ, continuous intravenous injection * This is a
method in which propofol dosage was reduced by 4 mg/kg/h every 15 min.

2.3 Measurements

We investigated pH, arterial partial pressure of oxygen (Pa0O,) and arterial partial pressure of carbon
dioxide (PaCO,) in arterial blood gas analysis, and heart rate (HR) at the start of catheterization. In all
cases, the values of mean pulmonary artery pressure (PAP), mean systemic artery pressure (SAP),
pulmonary/systemic artery pressure ratio (Pp/Ps), central venous pressure (CVP), and pulmonary artery
wedge pressure (PAWP) measured during cardiac catheterization were evaluated. In addition, pulmonary
blood flow index (Qpl), systemic blood flow index (Qsl), pulmonary/systemic blood flow ratio (Qp/Qs),
PVRI, systemic vascular resistance index (SVRI) and pulmonary/systemic vascular resistance ratio (Rp/
Rs) were also examined and compared between the two groups. Qp and Qs were calculated based on the
Fick principle. VSD diameters in echocardiography were measured using the EPIQ7 imaging system
(Philips Ultrasound Inc., Bothell, WA, USA). Maximum VSD diameters were measured in one of
the following echo views: left ventricle short-axis, great arteries short-axis, apical four-chamber, apical
five-chamber, and left ventricle long-axis.

2.4 Statistical Analysis

Continuous data are expressed as the median and interquartile range (IQR), i.e., the first to third IQR. All
statistical analyses were performed with EZR (Saitama Medical Center, Jichi Medical University, Saitama,
Japan), which is a graphical user interface for R (The R Foundation for Statistical Computing, Vienna,
Austria). More precisely, it is a modified version of R commander designed to add statistical functions
frequently used in biostatistics [6].

Welch’s t-test was used for normally distributed variables, and Mann-Whitney U-test was used for
non-normally distributed variables. Pearson correlation analyses were performed on the correlations
between mean PAP, PVRI and the results of arterial blood gas analysis. A two-sided p value less than
0.05 was considered statistically significant.
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2.5 Ethical Considerations

This study was conducted in accordance with the principles of the Declaration of Helsinki and the ethical
guidelines issued by the Ministry of Health, Labour, and Welfare, Japan. Ethics approval was obtained from
the local ethics committee of Aichi Children’s Health and Medical Center (approval number 2021060,
approval date October 29, 2021). Since this study was a retrospective observational study, an opt-out
procedure was used to obtain consent for study participation and the need for written consent from the
patient’s family was waived.

3 Results

Between May 2016 and August 2021, 40 patients each were included in the GA and MAC groups.
Table 2 shows the demographic characteristics of each group. There were no significant differences
between the GA and MAC groups in terms of sex, age and body weight at the time of examination. The
average values of the maximum VSD diameter divided by body surface area were not different between
the two groups.

Table 2: Demographic characteristics of patients in the two groups

Variables GA (N =40) MAC (N = 40) p value
Median (IQR)

Sex (Male/Female) 19/21 18/22 1

Age at cardiac catheterization (months) 2.88 (1.92-4.65) 2.52 (1.80-4.95) 0.42

Body weight (kg) 4.85 (3.99-6.00) 4.89 (3.97-5.91) 0.87

Body surface area (m”) 0.26 (0.24-0.31) 0.26 (0.23-0.30) 0.85

Maximum VSD diameter/BSA (mm/m?) 29.8 (19.7-34.3) 25.6 (18.6-31.3) 0.21

Note: GA, general anesthesia; MAC, monitored anesthesia care; IQR, interquartile range; VSD, ventricular septal defect; BSA, body surface area.

Regarding the results of arterial blood gas analysis at the start of examinations, median
pH was significantly higher in the GA group compared with the MAC group [7.40 (7.37-7.43) vs. 7.36
(7.35-7.38), p < 0.01]. PaO, was also significantly higher in the GA group compared with the
MAC group [94.4 (86.5-104.6) vs. 84.1 (74.5-97.2) mmHg, p < 0.01]. In contrast, PaCO, was
significantly lower in the GA group than in the MAC group [37.6 (35.2-40.8) vs. 44.7 (41.5-47.0)
mmHg, p < 0.01].

Table 3 shows a comparison of hemodynamic parameters between the two groups. HR was lower in the
GA group compared with the MAC group [124 (120-134) vs. 129 (125-135) beats per minute, p = 0.046].
Mean PAP and mean SAP were also significantly lower in the GA group compared with the MAC group
[28.5 (22.0-35.0) vs. 35.5 (21.7-45.2) mmHg, p = 0.037, and 51.0 (46.0-54.2) vs. 57.0 (52.0-60.2)
mmHg, p < 0.01, respectively]. Regarding Pp/Ps, no difference was observed between the two groups.
On the other hand, CVP and PAWP were significantly higher in the GA group compared to the MAC
group (p <0.01).

Comparing the indexes calculated based on the Fick principle, Qpl, Qsl and Qp/Qs were not different
between the two groups. Comparing vascular resistance, both PVRI [1.40 (1.01-1.93) vs. 2.31 (1.30-3.28)
Wood U'm?, p <0.01] and SVRI [105 (8.4-12.3) vs. 13.3 (11.5-14.7) Wood U-m?, p < 0.01] were lower in
the GA group than in the MAC group. There was no significant difference in Rp/Rs between the two groups.

Fig. 1 shows the correlation between mean PAP, PVRI and the results of arterial blood gas analysis. PAP
and PVRI were most correlated with PaO, among PaCO,, PaO,, and pH.
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Table 3: Comparison of hemodynamic parameters between the two groups
Variables GA (N = 40) MAC (N = 40) p value
Median (IQR)

Heart rate (beats per minute) 124 (120-134) 129 (125-135) 0.046
Mean PAP (mmHg) 28.5 (22.0-35.0) 35.5 (21.7-45.2) 0.037
Mean SAP (mmHg) 51.0 (46.0-54.2) 57.0 (52.0-60.7) <0.01
Pp/Ps 0.56 (0.44-0.68) 0.65 (0.37-0.79) 0.31
CVP (mmHg) 7.0 (7.0-8.0) 3.5 (3.0-5.0) <0.01
PAWP (mmHg) 10.5 (9.0-11.0) 8.0 (6.0-9.0) <0.01
Qpl (L/min/m?) 12.5 (9.4-13.7) 11.2 (9.3-13.3) 0.45
QslI (L/min/m?) 4.15 (3.61-4.87) 3.97 (3.46-4.81) 0.41
Qp/Qs 2.85 (2.38-3.50) 2.77 (2.43-3.38) 0.84
PVRI (Wood U-m?) 1.40 (1.01-1.93) 2.31 (1.30-3.28) <0.01
SVRI (Wood U-m?) 10.5 (8.4-12.3) 13.3 (11.5-14.7) <0.01
Rp/Rs 0.14 (0.10-0.20) 0.17 (0.10-0.25) 0.41

Note: GA, general anesthesia; MAC, monitored anesthesia care; IQR, interquartile range; PAP, pulmonary artery pressure; SAP, systemic artery
pressure; Pp/Ps, pulmonary artery pressure/systemic artery pressure ratio; CVP, central venous pressure; PAWP, Pulmonary artery wedge pressure;
Qpl, pulmonary blood flow index; Qsl, systemic blood flow index; Qp/Qs, pulmonary blood flow/systemic blood flow ratio; PVRI, pulmonary
vascular resistance index; SVRI, systemic vascular resistance index; Rp/Rs, pulmonary artery resistance/systemic artery resistance ratio.
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Figure 1: (A), (B), (C) Correlation between mean PAP and PaO,, PaCo, and pH. (D), (E), (F) Correlation
between PVRI and PaO,, PaCO, and pH. r, correlation coefficient
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4 Discussion

This retrospective, observational study showed similarities and differences in hemodynamic parameters
depending on the anesthesia method used for cardiac catheterization in pediatric VSD patients. In cardiac
catheter examinations under GA in VSD patients, both, pulmonary and systemic arterial pressure and
pulmonary and systemic vascular resistance were lower, so that Qpl, QsI and Qp/Qs were not different
compared to examinations under MAC. The results of this study provide important information related to
the use of hemodynamic parameters measured under different sedation methods for judging surgical
indications and for the perioperative management of VSD patients.

Only a few previous reports have described the differences in hemodynamic parameters measured
during cardiac catheterization due to differences in anesthesia methods. When interpreting the differences
in the results of catheterization under different anesthesia methods, it is necessary to understand the
effects of ventilation methods and the anesthetics used. The parameters examined in this study might
have been affected by differences in ventilation methods. Positive pressure ventilation (PPV) associated
with GA provides reliable airway management and PaCO, control. On the other hand, under anesthesia
without reliable airway management, patients might develop hypoxemia, hypercapnia and respiratory
acidosis due to upper airway narrowing and hypoventilation, leading to an increase in PVR and alteration
of shunt physiology [7,8]. In our study, hypoventilation was avoided in the GA group by reliable airway
management with tracheal intubation, leading to a lower PaCO, and higher PaO, than in the MAC group.
Arterial blood pH was also significantly higher in the GA group, indicating the avoidance of respiratory
acidosis. All of these conditions probably contributed to the significantly lower PVRI in the GA group. In
our study, PaO, correlated better with PVRI and mean PAP than PaCO, and pH. None of the patients in
our study developed significant respiratory acidosis or alkalosis in either group, which may result in the
weak correlation of PVRI and mean PAP with pH.

Qp/Qs may be influenced by the increase in mean intrathoracic pressure due to PPV. For the right
ventricular circulation, PPV reduces systemic venous blood return that is, right heart preload [9]. For the
left heart circulation, increased mean intrathoracic pressure due to PPV and PEEP reduces the difference
between the left ventricular internal and external pressures, thereby reducing left ventricular afterload,
which is synonymous with systemic vascular resistance [9]. Based on these mechanisms, PPV may
reduce left-to-right shunt volumes in patients with interventricular shunts. However, our data showed no
difference in Qp/Qs between the two groups, which may be due to the combined effect of above-
mentioned changes in hemodynamics by PPV and the effect of anesthetics described later. In addition, if
alveolar hyperinflation occurs due to positive pressure ventilation, PAWP increases due to capillary
compression, leading to an increase in CVP [9,10]. The significantly higher CVP and PAWP in the GA
group in this study were also probably due to the increased intrathoracic pressure.

Focusing on anesthetics, lower HR, arterial pressure and vascular resistance in the GA group might have
been affected by anesthetics. Midazolam used in the MAC group has little effect on hemodynamics [11].
Secobarbital is a type of barbiturate that has hypotensive and negative inotropic effects [12]. Propofol
used in the GA group has been reported to reduce HR, SAP and SVR, as well as PAP and PVR [13,14].
Hickey et al. reported that fentanyl did not change HR, cardiac index, mean PAP and PVR after surgery
in patients with repaired CHD [15], suggesting that the effect of fentanyl on hemodynamics might be
small. Regarding inhalation anesthetics, Laird et al. reported that sevoflurane does not change the
pulmonary/systemic blood flow ratio among patients with atrial septal defect (ASD) or VSD [16]. In our
study, both systemic/pulmonary artery pressure and vascular resistance were lower in the GA group,
which was consistent with the effects of the anesthetics used. Under the influence of ventilation methods
and anesthetics, PVR and SVR showed parallel differences between the two groups, which might have
resulted in the absence of differences in Qp/Qs, contrary to the expectation that shunt physiology might
be altered by a difference in sedation methods.
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The results of cardiac catheterization are used to measure the amount of left-to-right shunt and evaluate
pulmonary hypertension in VSD patients, and to determine surgical indications. Patients with low Qp/Qs or
extremely high PAP and vascular resistance might not be indicated for surgery [17]. Although the results of
cardiac catheterization are important for determining therapeutic strategies, and these results can vary
depending on the sedation methods, there is no specific sedation method that is considered the gold
standard for cardiac catheterization. According to a report in 2014 by Miura et al. [3] in Japan, pediatric
cardiac catheterizations were performed under MAC in 52% of cases, and examinations under GA with
airway management were performed in 34.9%. In multicenter studies in North America, 70% of pediatric
cardiac catheterizations were performed under GA, although there were differences between institutions
[4]. In 2016, the SCAI, SPA and CCAS issued a joint statement on cardiac catheterization for the
diagnosis and treatment of CHD [5]. However, this joint statement mentions the kind of physicians who
should be in charge of sedation and perioperative management, and does not refer to specific preferred
sedation methods or anesthetics. In our study, there was no significant difference in Qp/Qs between MAC
and GA, suggesting that differences in anesthesia methods have limited impact on Qp/Qs for
determination of surgical indications in VSD cases. On the other hand, since PAP and PVR were lower
under GA, it should be noted that when using PAP and PVRI in determining surgical indications, they
might be underestimated compared to under awake conditions with a natural airway. Rp/Rs may be a
more appropriate indicator, as no significant difference was found between GA and MAC in our study.
However, this hypothesis needs to be tested. Larger prospective studies are needed to determine which
sedation method is more appropriate to use to determine surgical indications in VSD patients. Further
studies should also aim to establish the preferred sedation method during cardiac catheterization or the
criteria for treatment indications depending on the sedation method used.

5 Study Limitations

The limitations of this study are that it was a retrospective study and was not a comparison between GA
and MAC among the same patients and during the same time period. However, since both the GA group and
the MAC group included consecutive patients with the same indications for cardiac catheterization, were
almost the same age, and the VSD diameter was adjusted for body surface area, we considered that
comparisons of each hemodynamic parameter were appropriate. Although different physicians were in
charge of anesthesia or sedation for each case, the anesthesia method was standardized and the effect on
the results was limited. In this study, since we focused on VSD, which is a simple left-to-right shunt heart
disease, it is unclear whether the same results will be achieved in heart diseases with right-to-left shunt,
such as Tetralogy of Fallot or complex heart diseases with pulmonary and systemic circulations supplied
in parallel, such as single ventricle defects. In addition, different results might be obtained in patients
after right heart bypass surgery, such as the Glenn operation or Fontan operation, in which the
hemodynamics are greatly affected by the increase in intrathoracic pressure due to positive pressure
ventilation. The results in older children are also unknown, because this study targeted patients below the
age of 1 year, in order to minimize differences in patient characteristics. Additionally, patients with
chromosomal abnormalities such as trisomy 21 were not included in the study. Some patients with
chromosomal abnormalities are more likely to have upper airway obstruction, therefore differences in
ventilation methods may affect the results of cardiac catheterization. Further studies need to be conducted
to clarify the effects of general anesthesia on the results of cardiac catheterization in these patients.

6 Conclusions

Hemodynamic parameters in VSD patients measured by cardiac catheterization are affected by the
sedation methods used. In this study, Qpl, Qsl, and Qp/Qs did not differ regardless of the sedation
method used, although PAP and PVRI were found to be lower under GA. When using these parameters
for determination of the surgical indications or perioperative management of VSD patients, the effects of
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sedation methods on these parameters should be considered. Larger prospective studies are needed to
determine the preferred sedation method during cardiac catheterization or the criteria to be used as
treatment indications depending on the sedation method in VSD patients.
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