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Abstract We evaluated the effects of different respira-

tory assist modes on cerebral blood flow (CBF) and arterial

oxygenation in single-ventricle patients after bidirec-

tional superior cavopulmonary anastomosis (BCPA). We

hypothesized that preserved auto-regulation of respiration

during neurally adjusted ventilatory assist (NAVA) may

have potential advantages for CBF and pulmonary blood

flow regulation after the BCPA procedure. We enrolled 23

patients scheduled for BCPA, who underwent pressure-

controlled ventilation (PCV), pressure support ventilation

(PSV), and NAVA at two assist levels for all modes in a

randomized order. PCV targeting large VT (15 mL 9

kg-1) resulted in lower CBF and oxygenation compared to

targeting low VT (10 mL 9 kg-1). During PSV and

NAVA, ventilation assist levels were titrated to reduce

EAdi from baseline by 75 % (high assist) and 50 % (low

assist). High assist levels during PSV (PSVhigh) were

associated with lower PaCO2, PaO2, and O2SAT, lower

CBF, and higher pulsatility index compared with those

during NAVAhigh. There were no differences in parameters

when using low assist levels, except for slightly greater

oxygenation in the NAVAlow group. Modifying assist

levels during NAVA did not influence hemodynamics,

cerebral perfusion, or gas exchange. Targeting the larger

VT during PCV resulted in hyperventilation, did not

improve oxygenation, and was accompanied by reduced

CBF. Similarly, high assist levels during PSV led to mild

hyperventilation, resulting in reduced CBF. NAVA’s

results were independent of the assist level chosen, causing

normalized PaCO2, improved oxygenation, and better CBF

than did any other mode, with the exception of PSV at low

assist levels.
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superior cavopulmonary anastomosis � Cerebrovascular
circulation � Mechanical ventilation � Neurally adjusted

ventilatory assist

Introduction

In the staged surgical reconstruction of a single functional

ventricle resulting in a total cavopulmonary connection

(modified Fontan operation), the intermediate stage is a

bidirectional superior cavopulmonary anastomosis (BCPA).

The intervention is aimed at increasing effective pulmonary

blood flow (PBF) [1–3]. This operation routes blood flow

from the superior vena cava directly into the pulmonary

arteries, whereas blood flow from the inferior vena cava and

coronary veins enters the single ventricle directly.

After BCPA, PBF is derived only from the upper body

venous return, which, in the infant, largely reflects cerebral

blood flow (CBF). Under these circumstances, the cerebral

and pulmonary auto-regulatory mechanisms are in direct

competition with each other, and the net result on organ

perfusion will be different from that in individuals with

normal ventricle physiology [2–4]. A unique consequence

of BCPA [2, 3] circulation is that systemic arterial oxy-

genation is the weighted average of deoxygenated blood
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coming from the inferior vena cava and oxygenated blood

from the pulmonary veins. CBF and its auto-regulation

may have important clinical implications for the postop-

erative management and early and late neurodevelopmental

outcomes after BCPA [5–8]. Hypercapnia with acidosis

increases CBF [9–12] and reduces PBF by increasing

pulmonary vascular resistance (PVR) in normal circulation,

after cardiopulmonary bypass (CPB), and during anesthesia

[13–15]. A unique aspect of PBF physiology after BCPA is

the interaction of two highly autonomically regulated

vascular beds—cerebral and pulmonary circulation—that

have opposite responses to changes in CO2 and acid–base

status.

Neurally adjusted ventilatory assist (NAVA) delivers

ventilation in proportion to neural inspiratory effort, thus

taking advantage of the respiratory control feedback loop

[16–18]. Electrical activity of the diaphragm (EAdi) is a

measure of the patient’s neural drive, auto-regulated by the

patient’s neuroventilatory coupling. During NAVA, the

EAdi signal determines both timing and amplitude of the

ventilatory assist, resulting in a proportional respiratory

assist determined by an operator-set proportionality factor

(NAVA level).

Therefore, we hypothesized that preserved auto-regula-

tion of respiration during NAVA may have potential

advantages for CBF and PBF regulation after the BCPA

procedure and that this would result in an optimal balance

between adequate pulmonary perfusion and CBF post-

BCPA. Hence, this report concentrates on middle cerebral

artery blood flow (MCABF) and gas exchange effects

induced by different levels of ventilator assist during

pressure-controlled ventilation (PCV), pressure support

ventilation (PSV), and NAVA.

Materials and Methods

Patients

The study protocol was approved by the research and ethics

review board at Shanghai Children’s Medical Center,

China. Informed and signed consent were obtained from

the parents of all patients. Twenty-three patients with a

median age of 10.0 months (range 4–39 months) and a

median weight of 7.5 kg (range 5–11.5 kg) scheduled for

BCPA were enrolled preoperatively. The demographic,

diagnostic, and surgical characteristics analyzed are

described in Table 1.

Surgical Procedures and Postoperative Strategy

All patients were intubated with a cuffed endotracheal tube

(Mallinckrodt Medical, Westmeath, Ireland). General

anesthesia was maintained with inhaled sevoflurane,

intravenous fentanyl, and pancuronium bromide. CPB with

modified ultrafiltration was performed for 56–120 min

(median 98 min) without aortic cross-clamping in 22

patients (Table 1) as the routine strategy in our institution,

while another patient underwent the BCPA procedure

without CPB. All patients were weaned from CPB when

the transesophageal temperature reached 35 �C and

hemodynamic stability was achieved. On return to the

cardiac intensive care unit, patients were mechanically

ventilated with a Servo-i ventilator (Maquet Critical Care,

Solna, Sweden) capable of delivering PCV, PSV, and

NAVA. The FiO2 was 0.40–0.60 in all patients. The aim of

mechanical ventilation was to maintain PaCO2 at

40 mmHg and PaO2 C40 mmHg. Rectal temperature was

maintained at 36–37.5 �C using a cooling or warming

blanket. The patients received infusions of propofol (2 mg/

kg/h) for the duration of the study. Hemoglobin concen-

tration was maintained at or above 120 g/L. Dopamine (5

mcg/kg/min) and milrinone (0.5 mcg/kg/min) were infused

to maintain hemodynamic stability. Superior vena cava

pressure was monitored and maintained between

10–20 mmHg by infusion of 5 % albumin (5 mL/kg)

before the start of the study. After stabilization, the inser-

tion and correct positioning of the EAdi catheter were

assured by means of a specific function in the ventilator

(‘‘EAdi catheter positioning’’). Inotropes, vasodilators,

PEEP, and FiO2 were not adjusted after study initiation.

Measurements

Patient Monitoring

All patients underwent continuous invasive monitoring of

systemic arterial and superior vena cava pressure, which

was considered central venous pressure (CVP). Heart rate

(HR), arterial blood pressure (BP), respiratory rate (RR),

airway pressure [such as positive inspiratory pressure (PIP)

and mean airway pressure (MAP)], tidal volumes (VT)

delivered by the ventilator, and rectal temperature were

monitored continuously. Before the beginning of the study,

the endotracheal tube cuff was checked and inflated to

eliminate gas leaks. EAdi and respiratory variables were

monitored from the Servo-i ventilator.

Arterial Blood Gases (ABGs)

Arterial blood samples were obtained from the peripheral

arterial catheter and analyzed for PaCO2, PaO2, SaO2, and

pH using a blood gas analyzer (ABL 850, Radiometer

Copenhagen, Copenhagen, Denmark).
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Transcranial Doppler (TCD)

The flow velocity through the middle cerebral artery

(MCA) was measured with a 2-MHz pulse-wave ultra-

sound transducer (EMS-9UA), fixed above the zygomatic

arch with a soft rubber holder (Delica Electronics Co., Ltd.

Shenzhen, China). The transducer interrogated the portion

of the MCA near its junction to the ipsilateral anterior

cerebral artery.

Study Protocol

The study protocol was started within 2 h of discontinua-

tion of CPB and as soon as a cardiorespiratory steady state

was achieved. The protocol consisted of two periods, which

were defined as control ventilation and assist ventilation.

FiO2 was fixed at 0.4 for all patients after study initiation.

PEEP, routinely set at 3–4 cmH2O, was maintained con-

stant throughout the study period. During the first period of

the study, all subjects were ventilated with PCV titrated to

achieve a tidal volume (VT) of 10 mL/kg (PCVlow) or

15 mL/kg (PCVhigh) at the same respiratory frequency for

30 min with a close monitor of ventilator pressure and

hemodynamic in a random order before awake from

anesthesia. If hemodynamic instability of patient or the

peak inspiratory pressure was more than 20 cmH2O, he

will be withdrawn from the study immediately. When the

first period was finished and signs of EAdi recovery were

registered, the second study period was initiated. EAdi

level after 2 min of continuous positive airway pressure

was considered EAdibase. After establishing EAdibase,

administration of two levels of PSV and NAVA was

Table 1 Patient characteristics at enrollment

Case

no.

Sex Age,

mos

Weight,

kg

Diagnosis Previous

operations

Operation CPB time,

min

1 F 16 7.5 D-TGA, VSD, TA, PS None Right BCPA 50

2 F 7 5.3 Dextrocardia, DORV, remote VSD, PS None Right BCPA 42

3 M 39 11.5 Dextrocardia, L-TGA, remote VSD, PS None Right BCPA 39

4 F 10 7.5 DORV, remote VSD, PS, bilateral SVC PAB Bilateral BCPA 74

5 M 24 11.5 TA, PH, bilateral SVC PAB Bilateral BCPA Off pump

6 F 11 6.3 SV, PH PAB Right BCPA 38

7 F 6 7.8 DORV, remote VSD, PS, bilateral SVC None Bilateral BCPA 106

8 M 8 6 D-TGA, VSD, PS, bilateral SVC None Bilateral BCPA 49

9 M 16 10.5 DORV, remote VSD, PS None Right BCPA 52

10 F 5 6 Dextrocardia, DORV, UAVSD, PS None Left BCPA 59

11 M 6 8 Dextrocardia, SV, MGA, PS None Right BCPA 29

12 F 6 5 HRV None Right BCPA 72

13 M 6 6 Dextrocardia, SV, SA, PS, bilateral SVC None Bilateral BCPA 127

14 M 25 10.5 DORV, UAVSD, PS None Right BCPA 39

15 F 17 9.5 Dextrocardia, DORV, remote VSD, PS,

bilateral SVC

None Bilateral BCPA 55

16 M 18 10 DORV, UAVSD, PS, bilateral SVC None Bilateral BCPA 67

17 M 4 5 Dextrocardia, SV, MGA, PS, TAPVC,

bilateral SVC

None Bilateral

BCPA ? TAPVC repair

110

18 F 8 7 DORV, remote VSD, PS, bilateral SVC None Bilateral BCPA 55

19 M 8 10 DORV, VSD, ASD, PS, None Right BCPA 56

20 M 7 5.7 SV, SA, UAVSD, PA, bilateral SVC None Bilateral BCPA 75

21 M 9 7 DORV, UAVSD, ASD, PS, bilateral SVC None Bilateral BCPA 73

22 M 10 8 PA, VSD, bilateral SVC None Bilateral BCPA 72

23 F 14 10 SV, SA, PA, bilateral SVC None Bilateral BCPA 68

Entries in bold text indicate patients who were excluded from analysis

ASD atrial septal defect; BCPA bidirectional superior cavopulmonary anastomosis; CPB cardiopulmonary bypass; D-TGA d-transposition of the

great arteries; DORV double-outlet right ventricle; HRV hypoplastic right ventricle; L-TGA left transposition of the great arteries; MGA

malposition of the great arteries; PA pulmonary atresia; PAB pulmonary artery banding; PH pulmonary hypertension; PS pulmonary stenosis; SA

single atrium; SV single ventricle; SVC superior vena cava; TA tricuspid atresia; TAPVC total anomalous pulmonary venous connection; UAVSD

unbalanced atrioventricular septal defect; and VSD ventricular septal defect
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initiated, following a predefined computer-generated ran-

dom sequence, defined as levellow and levelhigh. Respira-

tory assist was delivered to achieve a reduction in peak

EAdi by 50 % of EAdibase (PSVlow) and (NAVAlow).

During levelhigh, respiratory assist was administered to

achieve a reduction in peak EAdi by 75 % of EAdibase
(PSVhigh) and (NAVAhigh). Each patient underwent four

30-min trials during the second period. The last 5 min of

each trial was recorded and stored on a dedicated personal

computer for data analysis. The systolic peak velocity (Vs)

and the end diastolic velocity (Vd) of MCABF measured by

TCD were recorded during the last 2 min of each trial. The

mean velocity (Vm) of MCABF was calculated as

‘‘Vm = (Vs - Vd)/3 ? Vd.’’ The pulsatility index (PI) was

calculated as ‘‘PI = (Vs - Vd)/Vm.’’ At the end of each test

period, an arterial blood sample was collected for blood gas

analysis.

Data Analysis

Data are expressed as mean ± standard deviation using

SAS 9.2 statistical software (SAS Institute, Cary, NC).

PCVlow and PCVhigh from the first period and data from the

four registrations in the second period were compared

using a repeated-measures ANOVA. The comparison of

different levels of assistance within each mode (PSVlow vs.

PSVhigh and NAVAlow vs. NAVAhigh) and equivalent

levels of assistance (PSVlow vs. NAVAlow and PSVhigh vs.

NAVAhigh) was assessed by the least significant difference

(LSD) methods post hoc test. A p value of \0.05 was

considered significant.

Results

Twenty-three patients were enrolled in this study; two

patients did not complete the study and were not included

in the data analysis. Both excluded patients, marked in

Table 1, did not complete the study protocol due to failure

to obtain a consistent EAdi signal. Ultrasound examination

revealed bilateral diaphragmatic paralysis in both subjects.

PCV with Low and High Tidal Volume Targets

In the first study period, PCVlow versus PCVhigh, patients were

hyperventilated during the PCVhigh but not during the PCVlow

period, with pH values of 7.47 ± 0.05 versus 7.42 ± 0.05

(P\ 0.001), and PaCO2 values of 33.5 ± 5.5 versus

39.3 ± 7.2 mmHg (P\ 0.001), respectively. Resulting

ventilator pressure and oxygenation data for both groups are

given in Table 2. The PCVhigh group had higher CVP com-

pared to the PCVlow group (16 ± 4 vs. 15 ± 4 mmHg;

P = 0.001). MCABF velocity values were lower in the

PCVhigh group compared to the PCVlow group (Vs, 96.6 ±

28.3 vs. 101.8 ± 24.9 m s-1; P = 0.029; Vm, 50.1 ± 16.5

vs. 53.8 ± 16.3 m s-1; P = 0.042; and Vd, 26.7 ± 9.7 vs.

32.2 ± 11.3 m s-1; P\ 0.001). PI was higher during

PCVhigh than during PCVlow (1.5 ± 0.2 vs. 1.3 ± 0.3,

P\ 0.001) (Table 2).

PSV Versus NAVA

Among the four groups on a ventilatory assist mode, either

PSV or NAVA at low or high levels of assist resulted in

several differences in ventilation parameters (e.g., airway

pressures and VT), blood gases, and cerebral blood flow

(see Table 3). Post hoc analysis showed the following main

differences between various combinations of ventilator

modes and assist levels:

1. PSVhigh versus PSVlow and NAVAhigh versus

NAVAlow, respectively

Table 2 Results of the first study period

Major indicator Ventilation mode P value

PCVlow PCVhigh

Hemodynamics

HR (beats/min) 146 ± 19a 146 ± 18 0.258

SBP (mmHg) 93 ± 16 94 ± 15 0.703

CVP (mmHg) 15 ± 4 16 ± 4 0.001

Breathing pattern

RR (breaths/min) 20 ± 1 20 ± 1 –

VT (mL 9 kg-1) 9.7 ± 0.4 14.2 ± 0.6 \0.001

PIP (cmH2O) 11.3 ± 3.7 15.9 ± 3.9 \0.001

MAP (cmH2O) 4.2 ± 1.8 6.4 ± 2.1 \0.001

MCA blood flow

Vs (m 9 s-1) 101.8 ± 24.9 96.6 ± 28.3 0.029

Vm (m 9 s-1) 53.8 ± 16.3 50.1 ± 16.5 0.042

Vd (m 9 s-1) 32.2 ± 11.3 26.7 ± 9.7 \0.001

PI 1.3 ± 0.31 1.5 ± 0.2 0.001

Arterial blood analysis

pH 7.42 ± 0.05 7.47 ± 0.05 \0.001

PaCO2 (mmHg) 39.3 ± 7.2 33.5 ± 5.5 \0.001

PaO2 (mmHg) 47.5 ± 7.7 42.3 ± 7.9 \0.001

SaO2 (%) 82.0 ± 5.3 77.6 ± 7.4 \0.001

CVP central venous pressure; HR heart rate; MAP mean airway

pressure; MCA middle cerebral artery; PaCO2 arterial carbon dioxide

tension; PaO2 arterial oxygen tension; PCV pressure-controlled

ventilation; PI pulsatility index of middle cerebral artery blood flow;

PIP peak inspiratory pressure; RR respiratory rate; SaO2 systemic

arterial oxygen saturation; SBP systolic arterial pressure; Vd end

diastolic velocity of middle cerebral artery blood flow; Vm mean

velocity of middle cerebral artery blood flow; Vs systolic velocity of

middle cerebral artery flow; and VT tidal volume
a Data are expressed as mean ± standard deviation
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The four episodes of assisted ventilation ventilator

parameters are given in Table 3. For the two assist levels

during PSV, we observed a lower EAdipeak (4.1 ± 2.3 vs.

7.0 ± 3.9; P\ 0.001) during PSVhigh when compared to

PSVlow. pH values were higher (7.45 ± 0.06 vs.

7.41 ± 0.03; P = 0.002), PaCO2 was lower (34.5 ± 6.6

vs. 39.9 ± 6.8 mmHg, P\ 0.001), and PaO2 was lower

(43.7 ± 8.58 vs. 45.7 ± 8.9 mmHg; P = 0.013) during

PSVhigh when compared to PSVlow. MCABF velocities

were significantly lower (P = 0.03) during PSVhigh com-

pared to PSVlow. Detailed MCABF velocity results are

given in Table 3.

During NAVA, there were no differences in RR, VT,

PIP, and MAP between NAVAhigh and NAVAlow. There

was a lower EAdipeak (4.1 ± 2.1 vs. 6.7 ± 3.6 lV;
P\ 0.001) but no difference in EAdimin (0.5 ± 0.4 vs.

0.5 ± 0.4 lV, P = 0.780) in NAVAlow compared to

NAVAhigh. No difference in arterial blood gas between the

two assist levels could be observed. Also, there was no

difference in MCABF velocities between the two NAVA

assist levels (Table 3).

2. PSVhigh versus NAVAhigh and PSVlow versus NAVAlow,

respectively

Comparing the breathing patterns and resulting venti-

lator pressures at similar assist levels during PSV and

NAVA, respectively, there were no differences between

PSVlow and NAVAlow, whereas there were differences

between PSVhigh and NAVAhigh. VT, PIP, and MAP were

significantly higher during PSVhigh than during NAVAhigh

(Table 3). Comparing the arterial blood gases between the

two modes (NAVA and PSV) at the same level of assist,

Table 3 Results of the second study period

Ventilation mode

Major indicator PSVlow PSVhigh P value, PSVlow

versus PSVhigh

NAVAlow NAVAhigh P value, NAVAlow

versus NAVAhigh

P value

Hemodynamics

HR (beats/min) 143 ± 16a 141 ± 20 0.27 142 ± 15 140 ± 15 0.452 0.598

SBP (mmHg) 96 ± 17 94 ± 14 0.451 97 ± 14 97 ± 14 0.979 0.631

CVP (mmHg) 14 ± 4 14 ± 4 0.779 13 ± 3 13 ± 3 0.485 0.134

Breathing pattern

RR (breaths/min) 29 ± 8 26 ± 8 0.034 30 ± 9 28 ± 9 0.081 0.012

VT (mL 9 kg-1) 10.2 ± 2.5 12.2 ± 3.8 0.001 10.0 ± 3.1 10.6 ± 2.9** 0.264 0.001

PIP (cmH2O) 8.5 ± 3.0 11.5 ± 3.5 \0.001 8.5 ± 3.1 9.7 ± 5.2** 0.100 \0.001

MAP (cmH2O) 3.5 ± 1.2 4.5 ± 1.7 \0.001 3.4 ± 1.2 3.7 ± 1.6** 0.215 \0.001

EAdipeak (lV) 7.0 ± 4.0 4.1 ± 2.3 \0.001 6.7 ± 3.6 4.1 ± 2.1 \0.001 \0.001

EAdimini (lV) 0.7 ± 0.7 0.6 ± 0.6 0.505 0.5 ± 0.4* 0.5 ± 0.4* 0.780 0.007

MCA blood flow

Vs (m 9 s-1) 99.6 ± 28.3 97.5 ± 27.7 0.431 99.0 ± 23.9 98.0 ± 27.7 0.705 0.860

Vm (m 9 s-1) 57.0 ± 17.5 53.4 ± 16.0 0.030 58.7 ± 16.1 55.4 ± 16.0 0.051 0.017

Vd (m 9 s-1) 35.7 ± 14.0 34.7 ± 12.8 0.019 33.6 ± 13.6 35.2 ± 13.1** 0.159 0.001

PI 1.2 ± 0.3 1.3 ± 0.4 0.264 1.1 ± 0.3** 1.2 ± 0.3** 0.246 0.001

Arterial blood analysis

pH 7.41 ± 0.03 7.45 ± 0.06 0.002 7.43 ± 0.05 7.42 ± 0.03** 0.385 0.008

PaCO2 (mmHg) 39.9 ± 6.8 34.5 ± 6.6 \0.001 37.6 ± 6.4** 38.1 ± 6.0** 0.593 \0.001

PaO2 (mmHg) 45.7 ± 8.9 43.7 ± 8.6 0.013 46.6 ± 8.9 46.7 ± 8.0** 0.918 0.001

SaO2 (%) 79.6 ± 10.3 79.0 ± 9.1 0.424 81.9 ± 8.6** 82. 0 ± 7.5** 0.959 \0.001

CVP central venous pressure; EAdimini minimal electrical activity of the diaphragm; EAdipeak maximal electrical activity of the diaphragm; HR

heart rate; MAP mean airway pressure; MCA middle cerebral artery; NAVA neutrally adjusted ventilatory assist; PaCO2 arterial carbon dioxide

tension; PaO2 arterial oxygen tension; PCV pressure-controlled ventilation; PI pulsatility index of middle cerebral artery blood flow; PIP peak

inspiratory pressure; PSV pressure support ventilation; RR respiratory rate; SaO2 systemic arterial oxygen saturation; SBP systolic arterial

pressure; Vd end diastolic velocity of middle cerebral artery blood flow; Vm mean velocity of middle cerebral artery blood flow; Vs systolic

velocity of middle cerebral artery flow; and VT tidal volume

* P\ 0.05 NAVA versus PSV at an equivalent level of assistance

** P\ 0.01 NAVA versus PSV at an equivalent level of assistance
a Data are expressed as mean ± standard deviation
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SaO2 (81.9 ± 8.6 vs. 79.6 ± 10.3 %; P\ 0.01) was

higher and PaCO2 (37.6 ± 6.4 vs. 39.9 ± 6.8 mmHg;

P\ 0.01) was lower during NAVAlow than during PSVlow.

At the higher level of assist, a lower pH (7.42 ± 0.03 vs.

7.45 ± 0.06; P\ 0.01), a higher PaCO2 (38.1 ± 6.0 vs.

34.5 ± 6.6 mmHg; P\ 0.01), and a higher SaO2 (82.0 ±

7.5 vs. 79.0 ± 9.1 %; P\ 0.01) were observed during

NAVAhigh compared to PSVhigh. The PI of MCABF was

lower in NAVA than in PSV at both assist levels

[1.1 ± 0.3 vs. 1.2 ± 0.3 at the lower assist level (P\
0.01) and 1.2 ± 0.3 vs. 1.3 ± 0.4 at the high assist level

(P\ 0.01)]. Vd, but not Vs or Vm, of MCABF (35.2 ± 13.1

vs. 34.7 ± 12.8 m/s; P\ 0.01) was higher during

NAVAhigh than during PSVhigh.

Discussion

In patients with a BCPA for single-ventricle physiology,

venous return from the brain as well as from the upper

extremities is directed into the lungs via the superior vena

cava, whereas venous return from the inferior vena cava

drains into the right atrium and via the single functional

ventricle directly into the arterial circulation. In conse-

quence, systemic arterial oxygenation is the weighted

average of the deoxygenated blood coming from the infe-

rior vena cava and the oxygenated blood from the pul-

monary veins.

Hypoxemia in the early postoperative period is therefore

often considered to be a consequence of transiently ele-

vated PVR that occurs after CPB, which may limit the age

at which BCPA can be performed safely. Conventionally,

postoperative hypoxemia is refractory to conventional

treatment aimed at decreasing PVR, especially in young

infants. Hyperventilation and inhaled nitric oxide have

been shown ineffective and do not improve oxygenation in

the absence of an intrapulmonary shunt [15, 19].

The determinants of systemic oxygenation after the

BCPA are multifactorial and depend upon PBF, CBF,

cardiac output, and intrapulmonary shunting [20–22]. A

unique aspect of the physiology of PBF after BCPA is the

interaction of two highly autonomically regulated vascular

beds—the cerebral and the pulmonary circulation—that

have opposite responses to changes in CO2 and acid–base

status [23–25]. It has been reported that hyperventilation to

achieve lower PVR impairs oxygenation, while hypoven-

tilation improves oxygenation in patients after BCPA [12,

14, 15, 20, 21]. Li et al. [12] reported that moderate

hypercapnia with respiratory acidosis improved arterial

oxygenation and reduced oxygen consumption and arterial

lactate levels, thus improving overall oxygen transport in

children after BCPA. Fogel et al. [13] reported that PaCO2

had a major influence on CBF and PBF distribution,

whereas changes in PO2 had only a minor impact. They

concluded that increased CO2 tension in patients after

BCPA results in increased blood flow to the brain and

lungs, improved PaO2, increased cerebral O2 transport, and

increased cardiac index, which accounted for the increased

CBF. Hoskote et al. [14] demonstrated that increasing

PaCO2 from 35 to 55 mmHg improved systemic oxy-

genation, systemic blood flow, CBF, and PBF. It also

decreased systemic vascular resistance without increasing

PVR after BCPA. The improvement in oxygenation with

hypercapnic acidosis suggests that an increase in cerebral

and systemic blood flow overrides the vasoconstrictive

effect of hypercapnic acidosis on PVR after BCPA [12–14,

20, 21]. In the first period of our study, we confirmed that

hyperventilation due to an excessively high VT did not

improve the systemic oxygenation in BCPA circulation;

instead, it tended to accentuate hypoxemia. PVR, which

depends on the balance in the vascular tone of its two

components: the alveolar vessels and the extra-alveolar or

parenchymal vessels, is directly affected by changes in

lung volume. When the lung is inflated above functional

residual capacity, PVR is elevated because the alveolar

vessels become compressed as a result of alveolar disten-

sion. Meanwhile, the blood flow from the SVC returning to

the lung is reduced because of the elevated intrathoracic

pressure as a result of high ventilation pressure. These help

to explain the effect of lower saturation when the patients

after BCPA were hyperventilated, although the cardiovas-

cular effects of mechanical ventilation are complex. The

decrease in MCA flow velocity is a major issue as it

decreased PBF and the delivery of oxygenated blood into

the systemic circulation.

However, most of the methods to increase PBF descri-

bed above, with the exception of hypoventilation, relied on

extrinsically administered CO2, which is not practical for

clinical use. Hypercapnia with respiratory acidosis will

stimulate the respiratory centers, often resulting in deep

sedation or paralysis to inhibit spontaneous inspiratory

efforts in these strategies. This would work against the aim

of early extubation after BCPA. NAVA, a new method to

ventilate patients where auto-regulation of the patient’s

neuroventilatory efforts determines ventilation, seems

much closer to normal physiology and may be ideal for

patients after BCPA.

In the second part of our study, we demonstrated that

NAVA with a high support level avoided hyperventilation,

in contrast to the high level of PSV. All other settings,

except PSVhigh, maintained PaCO2 within the normal

range. As a result, there was a tendency toward decreased

Vd and increased PI of the MCABF during PSVhigh, while

this phenomenon did not occur during NAVA, even when a

high level of assist was applied. These potential advantages

are probably linked to the basic concept of NAVA, which

Pediatr Cardiol (2016) 37:1064–1071 1069

123



delivers respiratory assist throughout inspiration in pro-

portion to the EAdi signal, reflecting the patient’s neural

respiratory drive. Hence, ventilator function and cycling

are controlled by the patient’s respiratory drive and rhythm.

By optimizing the respiratory control feedback loop,

NAVA has the potential to enhance patient–ventilator

interaction, ensuring synchrony and minimizing the risk of

over-assistance. Sinderby [26] reported that in healthy

subjects, NAVA can safely and efficiently unload the res-

piratory muscles during a maximal inspiratory maneuver,

without failing to cycle-off ventilatory assist and without

causing excessive lung distention, even when a high level

of support was administered. Colombo et al. [27] showed

that, in contrast to PSV, NAVA resulted in auto-regulation

of the respiratory efforts at different assist levels, avoiding

over-assistance and patient–ventilator asynchrony. Terzi

et al. [28] reported that, compared to PSV, NAVA in

patients with acute respiratory distress syndrome holds

promise for limiting the risk of over-assistance, preventing

patient–ventilator asynchrony and improving overall

patient–ventilator interaction.

In the second period of our study, we confirmed our

hypothesis that ventilating patients after BCPA with an

auto-regulated ventilation mode, NAVA, avoids over-as-

sistance and hyperventilation and achieves better oxy-

genation by CBF auto-regulation. We also found that the

correlation between PaCO2 and MCABF was not exactly

linear, especially when comparing PSVlow and NAVAlow.

This finding indicates that lung perfusion is not the only

reason for improved oxygenation in patients after BCPA.

The variable breathing pattern and assistance of sighs seen

during NAVA, which are proportional to the patients’

supported effort, may improve ventilation/perfusion

matching and are probably another important effect.

EAdimin in NAVA was significantly lower than that in

PSV, indicating that end expiratory lung volume was more

easily maintained during NAVA.

Our results suggest that NAVA could be the preferred

ventilation strategy for patients after the BCPA procedure

for single-ventricle physiology. In the past decades, there

are some studies that mentioned the cardiovascular effects

with different ventilatory techniques [29]. Walsh et al. [30]

reported that ventilation with airway pressure release

ventilation, when the spontaneous inspiratory effort trans-

mitted to the pleural space results in a consequence of

decreased intrapleural pressure, improves lung perfusion

compared with pressure control ventilation in children after

tetralogy of Fallot repair and cavopulmonary shunt opera-

tions. In some cases with high risk of pulmonary venous

obstruction before BCPA procedure, such as the patients

with single-ventricle physiology combined with total

anomalous pulmonary venous connection or obvious sys-

temic atrioventricular valve insufficiency, positive pressure

ventilation should be helpful for them to keep functional

residual capacity. Moreover, the patients after BCPA pro-

cedure with systemic ventricular dysfunction or acute lung

injury may not be extubated rapidly postoperatively.

Limitations of the Study

We did not distinguish between the effects of hypercarbia

and intrathoracic pressure on CBF and PBF. These two

factors are difficult to separate and represent the combined

influence of the factors of oxygenation in BCPA circula-

tion. Time considerations did not allow this project to

separate the differences related to hypercarbia and

intrathoracic pressure, and our results are not objective. We

only compared NAVA and PSV in our study, without

involving other ventilation strategies. And 30 min of ven-

tilation might be limited in patients with other interfering

factors to reach steady state. Further research needs to be

done in the future. Some authors reported that CBF was

influenced by a high concentration of sedatives [31, 32].

However, the dose of propofol maintained in our study was

small and identical in all patients. Thus, the influence of

sedatives on MCABF velocity in our study was probably

limited.

Conclusion

In the early postoperative period of BCPA in patients with

single-ventricle physiology, large VTs, leading to a slightly

increased pH and lower PaCO2, will result in lower CBF

and higher resistance of the cerebral vascular bed during

controlled mechanical ventilation. Allowing for sponta-

neous ventilation should therefore be beneficial in BCPA

circulation. However, over-assistance can also occur during

PSV, whereas during NAVA, with its closed loop concept

on the ventilatory drive, this does not occur independently

of the assist level. Therefore, NAVA does allow for better

oxygenation in BCPA circulation and, through lower

cerebral vascular resistance, improved CBF. This suggests

that NAVA may play an important role in the postoperative

care of patients with single-ventricle physiology.
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