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Abstract

Objective: Pre-operative episodes of hypoxia-ischemia may play an important 

role in the pathophysiological mechanism of organ damage in infants with 

congenital heart disease. We hypothesized that in infants with left-sided obstruc-

tive lesions, the presence of retrograde blood flow in either the ascending or 

descending aorta is associated with diminished cerebral and renal blood flow 

respectively. Our aim was, therefore, to measure cerebral and renal tissue oxygen 

saturation (rSO2) in infants with antegrade and infants with retrograde blood flow 

in the ascending aorta and in infants with and infants without diastolic backflow 

in the descending aorta.

Design: Prospective observational cohort study

Setting: The first four days of admission at a tertiary cardiac and neonatal inten-

sive care unit

Patients: Nineteen infants with left-sided obstructive congenital cardiac lesions

Interventions: None

Measurements and main results: Based on two echocardiograms, infants were 

categorized into infants with antegrade or retrograde blood flow in the ascend-

ing aorta and into infants with or without diastolic backflow in the descending 

aorta. We measured cerebral and renal rSO2 using near-infrared spectroscopy and 

calculated fractional tissue oxygen extraction (FTOE). We found no differences in 

cerebral rSO2 and FTOE between infants with antegrade and infants with retro-

grade blood flow in the ascending aorta. During the first echocardiogram, but 

not during the second, infants with retrograde blood flow in the ascending aorta 

had significantly lower renal FTOE (0.14 vs. 0.32, P=.04) and tended to have higher 

renal rSO2 (80% vs. 65%, P=.09). The presence of diastolic backflow in the descend-

ing aorta was not associated with cerebral or renal rSO2 and FTOE.

Conclusions: Retrograde blood flow in the ascending aorta seems sufficient to 

provide cerebral blood flow in infants with left-sided obstructive lesions. Diastolic 

backflow in the descending aorta does not seem to compromise renal blood flow 

in this specific group of infants.
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Introduction

It is well known that infants with congenital heart disease (CHD) are at risk of developing brain injury that 

leads to neurodevelopmental compromise later in life (1). The etiology of brain injury in infants with CHD 

is multifactorial (1,2). Prolonged and repeated episodes of hypoxia and/or ischemia are a major risk factor 

for developing brain injury (2,3). Recent evidence suggests that such episodes occur already during early 

postnatal life or even before birth in infants with CHD (4-6).

Antenatally, normal distribution of oxygenated blood is disturbed and vascular resistance may be 

altered in infants with CHD (3,6-8). Fetuses with left-sided obstructive lesions (LSOL) have lower middle 

cerebral pulsatility indices (MCA-PI) than fetuses without CHD (9). More specifically, fetuses with LSOL 

with antegrade blood flow in the ascending aorta have MCA-PI intermediate between fetuses without 

CHD and fetuses with LSOL with retrograde blood flow in the ascending aorta (9). After birth, however, 

it is unknown whether retrograde blood flow in the ascending aorta has an adverse effect on cerebral 

oxygenation in infants with LSOL.

Apart from acquiring brain injury, infants with CHD are also at risk of developing damage to other 

organs due to diminished perfusion or oxygenation (e.g. necrotizing enterocolitis) (10,11). In preterm 

infants, diastolic backflow in the descending aorta indicates high volume ductal systemic-to-pulmonary 

shunting, which was found to be associated with decreased lower but not upper body perfusion (12). In 

infants with CHD there is also evidence that diastolic backflow in the descending aorta is associated with 

decreased lower body perfusion. Carlo et al. found that persistent diastolic backflow in the descending 

aorta was a risk factor for developing necrotizing enterocolitis, probably due to mesenteric circulatory 

insufficiency as a consequence of a ‘steal’ phenomenon (13).

Upper and lower body tissue oxygenation can be measured continuously using near-infrared spec-

troscopy (NIRS). NIRS is based on two principles. The first principle is the relative transparency of biologi-

cal young tissue (skin, bone, soft tissue) for near-infrared light (700-1000nm). The second principle is that 

NIRS is able to differentiate oxygenated hemoglobin from deoxygenated hemoglobin, as they have 

distinct absorption spectra. The ratio between oxygenated and deoxygenated hemoglobin represents 

the tissue oxygen saturation (rSO2) (14,15). When transcutaneous arterial oxygen saturation (spO2) is 

measured simultaneously with rSO2, fractional tissue oxygen extraction (FTOE) can be calculated (16). 

Both rSO2 and FTOE are indicators of tissue hypoxia and ischemia.

We hypothesized that retrograde blood flow in the ascending aorta may compromise cerebral oxy-

genation and that renal oxygenation may be compromised in the presence of diastolic backflow in the 

descending aorta in infants with LSOL admitted to the neonatal intensive care unit (NICU). Our first 

aim was, therefore, to determine whether cerebral and renal tissue oxygen saturation and extraction, 

as measured by NIRS, differed between infants with antegrade and infants with retrograde blood flow 

in the ascending aorta in a cohort of infants with LSOL during the first days after NICU admission. Our 

second aim was to determine if cerebral and renal NIRS measurements differed between infants with 

and infants without diastolic backflow in the descending aorta.
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Methods

Study design and patients

This study was a prospective observational cohort study conducted at Beatrix Children’s Hospital, a ter-

tiary cardiac and neonatal intensive care unit of University Medical Center Groningen, the Netherlands. 

Between October 2011 and February 2014, infants at risk of circulatory failure due to suspected LSOL 

were included after parental informed consent was obtained. Infants were excluded if echocardiogra-

phy could not confirm LSOL. The institutional review board of the University Medical Center Groningen 

approved the study.

Near-infrared spectroscopy

We used INVOS 5100c near infrared spectrometers (Covidien, Mansfield, MA, USA) in combination 

with neonatal SomaSensors (Covidien) to measure cerebral and renal rSO2. Tissue oxygen saturation 

measurements started immediately after inclusion and were continued for at least 72 hours. The cerebral 

sensor was placed on the frontoparietal side of the head and the renal sensor on the posterior flank. 

NIRS data were stored for off-line analysis. Simultaneously with the NIRS measurements, we measured 

transcutaneous pre- and postductal spO2 (Nellcor, Covidien) and subsequently calculated FTOE for each 

location as: FTOE = (spO2-rSO2)/spO2 (16). Increasing FTOE either represents decreasing tissue oxygen 

delivery or increasing tissue oxygen consumption.

NIRS data were categorized as unreliable and excluded from analyses in case of documented mal-

placement of the sensors and in case of baseline changes after documented replacement of the sensors.

Doppler echocardiography

Infants received two echocardiograms with a minimum of 24 hours between them during the first four 

days of admission. Echocardiograms were performed by experienced pediatric cardiologists using a 

standardized protocol. Based on each echocardiogram, we categorized infants into various subgroups 

according to the direction of blood flow in either the ascending or descending aorta. First, they were 

categorized into infants with antegrade and infants with retrograde blood flow in the ascending aorta. 

Second, we categorized the entire study group into infants with and infants without diastolic backflow 

in the descending aorta.

Clinical characteristics

We prospectively collected clinical and biochemical parameters that could influence cerebral and renal 

rSO2 and FTOE. These parameters included heart rate, blood pressure, blood gas values (pH, pCO2, pO2), 

serum lactate, and hemoglobin concentrations. Other parameters that were collected from the patient’s 

medical file included type of CHD, gestational age, birth weight, postnatal age at inclusion, gender, 

respiratory support, and medical treatment (volume expansion, inotropes, and sedatives).
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Statistical analysis

Mean values of cerebral and renal rSO2 and FTOE were calculated during an hour of stable measure-

ments preceding or following each echocardiogram. To determine differences in cerebral and renal 

rSO2 and FTOE between subgroups, we used the Mann-Whitney U test. Where appropriate we used 

the Mann-Whitney U test or Fisher’s exact test to determine differences in clinical and biochemical 

parameters between subgroups. SPSS 22.0 (IBM Corp., Armonk, NY, USA) was used for statistical analyses. 

Significance was defined as P < .05.

Results

Patient characteristics

Between October 2011 and February 2014, we included 23 infants who were suspected of having LSOL. 

Four infants were excluded as echocardiography could not confirm LSOL. Two infants had an isolated 

FIGURE 1. Cerebral and renal rSO2 and FTOE in infants with LSOL with antegrade blood flow in the ascending aorta 
(gray boxes) versus infants with retrograde blood flow in the ascending aorta (white boxes). Data are shown in box-
and-whisker plots. Open circles and asterisks represent outliers. * indicates P < .05, † indicates P < .10. rSO2, regional 
tissue oxygen saturation; FTOE, fractional tissue oxygen extraction; LSOL, left-sided obstructive lesions.
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patent ductus arteriosus, one infant had a dilated and hypertrophic right ventricle, and one infant had 

a ventricular septal defect. From the nineteen included infants eight were diagnosed with coarctation 

of the aorta (CoA), seven with hypoplastic left heart syndrome (HLHS), two with an interrupted aortic 

arch type B and two with an aortic valve stenosis. The infants received at least one and in 84% two 

echocardiograms. Patient characteristics of the various subgroups are presented in Tables 1-3.

Antegrade and retrograde blood flow in the ascending aorta

Twelve infants had antegrade blood flow in the ascending aorta and seven had retrograde blood flow 

in the ascending aorta. The subgroup of infants with antegrade blood flow in the ascending aorta con-

sisted of eight infants with CoA, two with an interrupted aortic arch type B and two with an aortic valve 

TABLE 1. Clinical and biochemical characteristics of infants with antegrade and infants with retrograde blood flow in 
the ascending aorta

Antegrade flow in the 
ascending aorta
N=12

Retrograde flow in the 
ascending aorta
N=7

P-value

Gestational age (weeks) 38+6/7 (36+0/7 - 39+4/7) 39+2/7 (39+0/7- 39+5/7) ns

Birth weight (grams) 2673 (1914 - 3363) 3410 (3240 - 3850) .04

Postnatal age at inclusion (days) 4.5 (1.0-14.0) 1.0 (1.0-2.0) .05

Postnatal age echo 1 (days) 5.0 (2.0-15.0) 1.0 (1.0-2.0) .01

Postnatal age echo 2 (days) 6.0 (4.0-17.0) 3.0 (2.0-6.0) .01

Male 5 (42) 4 (57) ns

SpO2 preductal (echo 1) (%) 95.5 (92.0-99.0) 92.0 (89.0-97.0) ns

SpO2 postductal (echo 1) (%) 93.0 (90.0-97.0) 92.5 (88.0-96.0) ns

SpO2 preductal (echo 2) (%) 96.0 (95.0-98.0) 95.5 (92.0-97.0) ns

SpO2 postductal (echo 2) (%) 88.0 (87.0-95.0) 95.0 (86.0-98.0) ns

Respiratory support

- None/low flow 4 (33) 5 (71)  

- CPAP 1 (8) 2 (29)  

- SIMV/SIPPV 7 (59) 0 (0) .02 

pH# (n=10/4) 7.31 (7.21-7.34) 7.24 (7.23-7.29) ns

pCO2
# (n=9/4) (torr) 43.5 (39.0-50.3) 59.3 (42.8-64.5) ns

Lactate# (n=7/4) (mmol/l) 6.0 (3.3-13.1) 4.9 (3.7-5.6) ns

Data are shown as either median (IQR) or number of patients (percentage).
# Indicates first measurement after admission.
Abbreviations: CPAP, continuous positive airway pressure; SIMV, synchronized intermittent mandatory ventilation; 
SIPPV, synchronized positive pressure ventilation; ns, not significant.
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stenosis. The subgroup with retrograde blood flow in the ascending aorta consisted of seven infants 

with HLHS. Clinical characteristics of both subgroups are presented in Table 1.

Cerebral rSO2 and FTOE did not differ between infants with antegrade or retrograde blood flow in 

the ascending aorta during the two echocardiograms. Renal FTOE was significantly lower (0.14 vs. 0.32, 

P = .04) and renal rSO2 tended to be higher (80% vs. 65%, P = .09) in infants with retrograde blood flow 

in the ascending aorta during the first echocardiogram. There were no significant differences in renal 

rSO2 and FTOE between both subgroups during the second echocardiogram. Cerebral and renal NIRS 

measurements of both subgroups are presented in Figure 1.

Diastolic backflow in the descending aorta

Eight infants had diastolic backflow in the descending aorta during the first echocardiogram. This group 

consisted of four infants with HLHS, two infants with CoA and two infants with an interrupted aortic 

arch type B. Ten infants did not have diastolic backflow in the descending aorta. This group consisted of 

TABLE 2. Clinical and biochemical characteristics of infants with and infants without diastolic backflow in the de-
scending aorta during the first echocardiogram

Without diastolic backflow in 
the descending aorta
N=10

With diastolic backflow in 
the descending aorta
N=8

P-value

Gestational age (weeks) 38+6/7 (36+0/7 - 39+3/7) 39+2/7 (38+3/7 - 39+5/7) ns

Birth weight (grams) 2775 (1820-3636) 3260 (2075-3850) ns

Postnatal age at inclusion (days) 6.0 (2.0-16.0) 1.5 (1.0-4.0) ns

Postnatal age echo 1 (days) 6.5 (1.0-17.0) 2.5 (1.0-5.0) ns

Male 2 (20) 6 (75) .05

SpO2 preductal (%) 95.5 (92.0-98.0) 94.5 (91.0-97.0) ns

SpO2 postductal (%) 92.0 (89.0-97.0) 94.0 (89.0-96.0) ns

Respiratory support

- None/low flow 4 (40) 4 (50)  

- CPAP 1 (10) 2 (25)  

- SIMV/SIPPV 5 (50) 2 (25)  

pH# (n=7/7) 7.33 (7.19-7.35) 7.24 (7.23-7.31) ns

pCO2
# (n=6/7) (torr) 46.5 (34.5-56.3) 45.8 (39.8-61.5) ns

Lactate# (n=5/6) (mmol/l) 13.0 (4.5-19.4) 4.9 (3.2-5.8) ns

Data are shown as either median (IQR) or number of patients (percentage).
# Indicates first measurement after admission.
Abbreviations: CPAP, continuous positive airway pressure; SIMV, synchronized intermittent mandatory ventilation; 
SIPPV, synchronized positive pressure ventilation; ns, not significant.
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six infants with CoA, two infants with an aortic valve stenosis and two infants with HLHS. Three infants 

developed diastolic backflow between the first and second echocardiogram. Two infants had HLHS and 

one infant had CoA. Clinical characteristics of both subgroups are presented in Tables 2 and 3.

Cerebral and renal rSO2 and FTOE did not differ between infants with and infants without diastolic 

backflow in the descending aorta during both echocardiograms (Figure 2).

TABLE 3. Clinical and biochemical characteristics of infants with and infants without diastolic backflow in the de-
scending aorta during the second echocardiogram

Without diastolic backflow in 
the descending aorta
N=6

With diastolic backflow in 
the descending aorta
N=10

P-value

Gestational age (weeks) 37+3/7 (35+3/7- 40+1/7) 39+1/7 (38+1/7- 39+6/7) ns

Birth weight (grams) 2563 (1690-3513) 3260 (1860-4180) ns

Postnatal age at inclusion (days) 13.5 (2.0-22.0) 2.0 (1.0-4.0) .05

Postnatal age echo 2 (days) 15.0 (5.0-25.0) 3.0 (3.0-5.0) .02

Male 1 (17) 7 (70) ns

SpO2 preductal (%) 97.0 (94.0-98.0) 95.0 (95.0-97.0) ns

SpO2 postductal (%) 90.0 (86.0-95.0) 93.0 (87.0-97.0) ns

Respiratory support

- None/low flow 2 (33) 6 (60)  

- CPAP 0 (0) 3 (30)  

- SIMV/SIPPV 4 (67) 1 (10)  

pH# (n=5/7) 7.33 (7.23-7.37) 7.24 (7.21-7.31) ns

pCO2
# (n=4/7) (torr) 43.5 (28.5-50.3) 45.8 (39.8-65.3) ns

Lactate# (n=4/4) (mmol/l) 9.4 (3.9-22.5) 5.4 (4.7-5.9) ns

Data are shown as either median (IQR) or number of patients (percentage).
# Indicates first measurement after admission.
Abbreviations: CPAP, continuous positive airway pressure; SIMV, synchronized intermittent mandatory ventilation; 
SIPPV, synchronized positive pressure ventilation; ns, not significant.
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Discussion

Our results demonstrated that cerebral oxygen delivery was not compromised in the presence of 

retrograde blood fl ow in the ascending aorta, while renal oxygen delivery was not compromised in 

the presence of diastolic backfl ow in the descending aorta in infants with LSOL during the fi rst days 

after admission to a NICU. To our knowledge, this is the fi rst study to describe cerebral and renal oxygen 

saturation and extraction in association with the direction of blood fl ow in the ascending and descend-

ing aorta in infants with LSOL.

An explanation for the similar cerebral rSO2 and FTOE values in infants with antegrade and infants 

with retrograde blood fl ow in the ascending aorta might be that, after birth, retrograde blood fl ow 

is suffi  cient to meet cerebral metabolic demands in infants with LSOL. Median cerebral rSO2 ranged 

from 66% during the fi rst echocardiogram to 70% during the second echocardiogram in infants with 

retrograde blood fl ow in the ascending aorta and it ranged from 69% during the fi rst echocardiogram 

to 72% during the second echocardiogram in infants with antegrade blood fl ow in the ascending aorta. 

Previous studies reported mean cerebral rSO2 to be between 77% and 78% during the fi rst fi ve days after 

Echo

Echo Echo

Echo

N=10
N=6 N=10

N=8

N=6

N=6

N=9
N=10

N=8

N=8

N=6

N=10 N=7

N=5

N=6

N=10

FIGURE 2. Cerebral and renal rSO2 and FTOE in infants with LSOL with diastolic backfl ow in the descending aorta 
(striped white boxes) versus infants without diastolic backfl ow in the descending aorta (striped gray boxes). Data 
are shown in box-and-whisker plots. Open circles represent outliers. rSO2, regional tissue oxygen saturation; FTOE, 
fractional tissue oxygen extraction; LSOL, left-sided obstructive lesions.
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birth in healthy term neonates (17,18). Cerebral rSO2 was, as expected, slightly lower in our study popula-

tion, probably due to lower spO2 values. In a piglet-study, Kurth et al. found cerebral hypoxia-ischemia 

thresholds to be between 33% and 44% (19). These values were measured with a sensor that measures 

approximately 10% lower than the sensors we used for this study (20). Taking this into account, almost 

all infants in our study had cerebral rSO2 values within the ‘safe’ range.

A second explanation for the similar cerebral rSO2 and FTOE values might be that the infants with 

antegrade blood flow were older than those with retrograde blood flow in the ascending aorta. Median 

postnatal age at inclusion was 1 day for infants with retrograde blood flow, while infants with antegrade 

blood flow in the ascending aorta had a median postnatal age of 4.5 days at inclusion. Other authors 

have shown that in term infants cerebral rSO2 slightly decreases during the first week after birth (17-18). 

Thus, if cerebral rSO2 would have been measured at a similar postnatal age in both subgroups, infants 

with antegrade blood flow in the ascending aorta might have had higher cerebral rSO2 and lower 

FTOE values compared with infants with retrograde blood flow in the ascending aorta. This difference, 

however, probably would not have been clinically relevant since almost all infants had rSO2 values within 

the ‘safe’ range.

Infants with retrograde blood flow had lower renal FTOE and tended to have higher renal rSO2 com-

pared with infants with antegrade blood flow in the ascending aorta during the first echocardiogram. 

These results suggest lower renal tissue oxygen supply or higher renal tissue oxygen consumption in 

infants with antegrade blood flow compared with infants with retrograde blood flow in the ascending 

aorta. As most infants with antegrade blood flow were diagnosed postnatally and admitted to the NICU 

when they started decompensating at home, we speculate that a higher illness severity in this group 

could have led to compromised renal oxygen delivery in the presence of preserved cerebral blood flow. 

Indeed, we observed that infants with antegrade blood flow in the ascending aorta were more often 

mechanically ventilated. Still, no other differences in clinical and biochemical parameters were observed 

between groups.

We did observe a difference in postnatal age between infants with antegrade and infants with retro-

grade blood flow in the ascending aorta. Previous studies reported declining renal rSO2 values in healthy 

term newborn infants during the first days after birth (17,18). Given that infants with retrograde blood 

flow in the ascending aorta were younger during the measurements, this could have contributed to the 

observed higher renal rSO2 and lower FTOE values in this subgroup.

Overall, renal rSO2 values in our study population were lower than in healthy term infants (17,18). 

Diastolic backflow in the descending aorta, however, did not seem to further compromise renal oxygen 

delivery as we did not observe differences in renal rSO2 and FTOE during the entire study period between 

infants with and infants without diastolic backflow in the descending aorta. We also did not observe 

differences in cerebral rSO2 and FTOE between both groups. Our results suggest that cerebral and renal 

tissue oxygen delivery are not compromised in the presence of diastolic backflow in the descending 

aorta during the first days of admission to the NICU in infants with LSOL.

There are several limitations to our study. First, we included a small study population of nineteen in-

fants with LSOL. Second, this was an observational study, associated with missing values for clinical and 
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biochemical parameters. Third, postnatal age differed between subgroups as the majority of infants with 

retrograde blood flow in the ascending aorta were diagnosed antenatally and the majority of infants 

with antegrade blood flow in the ascending aorta were diagnosed postnatally. Even so, our study group 

represents the full spectrum of infants with LSOL admitted to the NICU.

In conclusion, the present study indicates that, during the first four days after admission, retrograde 

blood flow in the ascending aorta does not have an adverse effect on cerebral oxygenation in infants 

with LSOL. Furthermore, it indicates that diastolic backflow in the descending aorta does not lead to an 

impaired renal tissue oxygen supply in infants with LSOL. Preoperative low cerebral and renal tissue oxy-

gen supply seem not to be related to retrograde blood flow in the ascending aorta or diastolic backflow 

in the descending aorta as measured by Doppler echocardiography in infants with LSOL.
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