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Abstract
Background: In infants with left-sided obstructive lesions (LSOL), the presence of retrograde 
blood flow in either the ascending or descending aorta may lead to diminished cerebral 
and renal blood flow, respectively. 
Objectives: Our aim was to compare cerebral and renal tissue oxygen saturation (rSO

2
) 

between infants with LSOL with antegrade and retrograde blood flow in the ascending 
aorta and with and without diastolic backflow in the descending aorta. 
Methods: Based on 2 echocardiograms, the study group was categorized according to 
the direction of blood flow in the ascending and descending aorta. We measured cerebral 
and renal rSO

2
 using near-infrared spectroscopy and calculated fractional tissue oxygen 

extraction (FTOE). 
Results: Nineteen infants with LSOL, admitted to the NICU between 0 and 28 days after 
birth, were included. Infants with antegrade blood flow (n=12) and infants with retrograde 
blood flow in the ascending aorta (n=7) had similar cerebral rSO

2
 and FTOE during both 

echocardiograms. Only during the first echocardiogram, infants with retrograde blood flow 
in the ascending aorta had lower renal FTOE (0.14 vs. 0.32, P=0.04) and tended to have 
higher renal rSO

2
 (80 vs. 65%, P=0.09). The presence of diastolic backflow in the descending 

aorta was not associated with cerebral or renal rSO
2
 and FTOE during the first (n=8) as well 

as the second echocardiogram (n=10). 
Conclusions: Retrograde blood flow in the ascending aorta was not associated with 
cerebral oxygenation, while diastolic backflow in the descending aorta was not associated 
with renal oxygenation in infants with LSOL.
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Introduction
Infants with congenital heart disease (CHD) are at risk of developing brain injury that leads 
to neurodevelopmental compromise later in life.1 Prolonged and repeated episodes of 
hypoxia and/or ischemia might be 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.4-6

Antenatally, normal distribution of oxygenated blood could be disturbed and vascular 
resistance may be altered in fetuses with CHD.3,6-8 It has been reported that fetuses with left-
sided obstructive lesions (LSOL) have lower pulsatility indices of the middle cerebral artery 
(MCA-PI) compared with fetuses without CHD.9 More specifically, fetuses with LSOL with 
antegrade blood flow in the ascending aorta had 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.13 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.

Upper and lower body tissue oxygenation can be measured continuously using near-
infrared spectroscopy.14,15 When transcutaneous arterial oxygen saturation (SpO

2
) is 

measured simultaneously with regional tissue oxygen saturation (rSO
2
), fractional tissue 

oxygen extraction (FTOE) can be calculated.16 Both rSO
2
 and FTOE are indicators of tissue 

hypoxia and ischemia.
We hypothesized that retrograde blood flow in the ascending aorta may compromise 

cerebral oxygenation and that renal oxygenation may be compromised in the presence of 
diastolic backflow in the descending aorta in infants with LSOL. The aim of our study was, 
therefore, to compare cerebral and renal oxygen saturation between infants with LSOL with 
antegrade and retrograde blood flow in the ascending aorta, and between infants with 
LSOL with and without diastolic backflow in the descending aorta.
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Methods
Study Design and Patients
We conducted a prospective observational cohort study at Beatrix Children’s Hospital, a 
tertiary cardiac and neonatal intensive care unit of the 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 echocardiography could not confirm LSOL. The institutional review 
board of the University Medical Center Groningen approved the study.

Doppler Echocardiography
Since circulatory status might change during the first days after admission in infants 
with CHD, our study protocol consisted of 2 echocardiograms with a minimum of 24 h 
between them. The timing of these echocardiograms did not depend on the clinical status 
of the infant. Echocardiograms were performed by experienced pediatric cardiologists 
using a standardized protocol. Based on each echocardiogram, we categorized infants 
into subgroups. First, they were categorized into infants with antegrade and infants with 
retrograde blood flow in the ascending aorta. Second, we categorized the entire study 

Figure 1 Doppler flow patterns aorta. A: Systolic forward flow in aortic arch, B: retrograde systolic 
flow in aortic arch, C: normal antegrade systolic flow in descending aorta, without abnormal diastolic 
backflow, D: Diastolic backflow in descending aorta.
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group into infants with and infants without diastolic backflow in the descending aorta 
(Figure 1). Furthermore, we assessed ductal size for each echocardiogram as being closed, 
restrictive, or nonrestrictive.

Near-Infrared Spectroscopy
We used INVOS 5100c near-infrared spectrometers (Covidien, Mansfield, MA, USA) and 
neonatal SomaSensors (Covidien) to measure cerebral and renal rSO

2
 during the first 72 h 

of admission. The cerebral sensor was placed on the frontoparietal side of the head and the 
renal sensor on the posterior flank. Mean cerebral and renal rSO

2
 values per day and during 

a 1-h measurement directly preceding or following an echocardiogram were calculated. 
Simultaneously, we measured transcutaneous pre- and/or postductal SpO

2
 (Nellcor, 

Covidien) and subsequently calculated FTOE for each location as: FTOE = (SpO
2
 - rSO

2
)/

SpO
2
.16

Clinical Characteristics
We collected clinical and biochemical parameters that could influence cerebral and renal 
rSO

2
 and FTOE. These parameters included heart rate, blood pressure, blood gas values (pH, 

pCO
2
, pO

2
), serum lactate, urea and hemoglobin concentrations, and urine output (ml/

kg/h). 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).

Statistical Analysis
Mean cerebral and renal rSO

2
 and FTOE values per day were used for descriptive purposes 

and mean 1-h measurements were used to assess differences between subgroups using 
a Mann-Whitney U test. In addition, we used the Mann-Whitney U test or the Fisher exact 
test to determine differences in clinical and biochemical parameters between subgroups.

Results
Patient Characteristics
Between October 2011 and February 2014, we included 23 infants who were suspected of 
having LSOL. Four infants were excluded as their echocardiogram could not confirm LSOL. 
Two infants had an isolated patent ductus arteriosus, 1 infant had a dilated and hypertrophic 
right ventricle, and 1 infant had a ventricular septal defect. Diagnoses of the 19 included 
infants are presented in Table 1.
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Table 1 Congenital heart defects of the study population

ID Diagnosis

1 Coarctation of the aorta 

2 Coarctation of the aorta, hypoplastic aortic arch, severe aortic valve stenosis, dysplastic aortic valve 

3 Hypoplastic left heart syndrome (AA/MS)

4 Hypoplastic left heart syndrome (AS/MS)

5 Coarctation of the aorta, hypoplastic aortic arch, dysplastic (bicuspid) aortic valve, parachute mitral valve

6 Coarctation of the aorta 

7 Hypoplastic left heart syndrome (AA/MS)

8 Interruption of the aortic arch (type B), malalignment VSD, severe subaortic obstruction 

9 Critical aortic valve stenosis (bicuspid)

10 Hypoplastic left heart syndrome (parachute mitral valve, hypoplastic aortic arch, muscular VSD, 
coarctation of the aorta)

11 Hypoplastic left heart syndrome (mitral and aortic hypoplasia)

12 Interruption of the aortic arch (type B), aortic valve hypoplasia, multiple VSDs 

13 Critical aortic valve stenosis (dysplastic aortic valve)

14 Coarctation of the aorta, hypoplastic aortic arch, muscular VSD

15 Hypoplastic left heart syndrome (AA/MA)

16 Double inlet left ventricle, transposed great arteries, aortic atresia, hypoplastic aortic arch

17 Coarctation of the aorta, unbalanced AVSD (right ventricular dominance)

18 Coarctation of the aorta, hypoplastic aortic arch 

19 Coarctation of the aorta, borderline mitral valve, left ventricle and aortic valve

AA, aortic atresia; MA, mitral atresia; MS, mitral stenosis; VSD, ventricular septal defect; AVSD, atrioventricular septal 
defect.

Antegrade and Retrograde Blood Flow in the Ascending Aorta
Twelve infants had antegrade blood flow and 7 had retrograde blood flow in the ascending 
aorta. The subgroup of infants with antegrade blood flow in the ascending aorta consisted 
of 8 infants with a coarctation of the aorta (CoA), 2 with an interrupted aortic arch type B 
and 2 with a critical aortic valve stenosis. The subgroup with retrograde blood flow in the 
ascending aorta consisted of 7 infants with hypoplastic left heart syndrome (HLHS). Clinical 
characteristics of both subgroups are presented in Table 2.

Cerebral rSO
2
 and FTOE did not differ between infants with antegrade or retrograde 

blood flow in the ascending aorta during both echocardiograms. Furthermore, infants 
with antegrade blood flow and unrestrictive ductal flow (n=8) had similar cerebral rSO

2
 

compared with infants with restrictive (n=2) or no (n=2) ductal flow during the first (median 
68 vs. 64%, P=0.35) and second echocardiogram (median 72 vs. 74%, P=0.73). Renal FTOE 
was lower (0.14 vs. 0.32, P=0.04) and renal rSO

2
 tended to be higher (80 vs. 65%, P=0.09) in 
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infants with retrograde blood flow in the ascending aorta during the first echocardiogram. 
There were no differences in renal rSO

2
 and FTOE between both subgroups during the 

second echocardiogram. Cerebral and renal near-infrared spectroscopy measurements of 
both subgroups are presented in Figure 2. Data concerning cerebral and renal rSO

2
 and 

FTOE during the first days after admission are presented in Supplemental Tables 1 and 2.

Table 2 Clinical and biochemical characteristics of infants with antegrade and infants with retrograde 
blood flow in the ascending aorta

Antegrade flow 
N=12

Retrograde flow 
N=7

P-value 

Gestational age (weeks) 38.9 (36.0-39.6) 39.3 (39.0-39.7) 0.19

Birth weight (grams) 2673 (1914-3363) 3410 (3240-3850) 0.04

Postnatal age echo 1 (days) 5.0 (2.0-15.0) 1.0 (1.0-2.0) 0.01

Postnatal age echo 2 (days) 6.0 (4.0-17.0) 3.0 (2.0-6.0) 0.01

SpO
2
 preductal echo 1 (%) 95.5 (92.0-99.0) 92.0 (89.0-97.0) 0.13

SpO
2
 postductal echo 1 (%) 93.0 (90.0-97.0) 92.5 (88.0-96.0) 0.55

SpO
2
 preductal echo 2 (%) 96.0 (95.0-98.0) 95.5 (92.0-97.0) 0.38

SpO
2 
postductal echo 2 (%) 88.0 (87.0-95.0) 95.0 (86.0-98.0) 0.33

Mechanical ventilation 7 (59) 0 (0) 0.02

pH# (n=10/4) 7.31 (7.21-7.34) 7.24 (7.23-7.29) 0.40

pCO
2

# (n=9/4)	(kPa) 5.8 (5.2-6.7) 7.9 (5.7-8.6) 0.25

Lactate# (n=7/4)	(mmol/l) 6.0 (3.3-13.1) 4.9 (3.7-5.6) 0.30

Urea# (n=5/1)	(mmol/l) 10.9 (5.1-13.2) 3.5 0.14

Urine output echo 1 (n=11/7) (ml/kg/h) 1.7 (0.5-3.8) 1.3 (0.7-1.8) 0.28

Urine output echo 2 (n=11/6) (ml/kg/h) 3.7 (2.7-4.4) 2.6 (2.2-3.3) 0.04

Data are shown as either median (IQR) or number of patients (percentage). SpO
2 
, transcutaneous arterial oxygen 

saturation. # Indicates first measurement after admission.

Diastolic Backflow in the Descending Aorta
Eight infants had diastolic backflow in the descending aorta during the first echocardiogram 
(4 HLHS, 2 CoA, and 2 interrupted aortic arch type B). Ten infants did not have diastolic 
backflow in the descending aorta (6 CoA, 2 HLHS, and 2 critical aortic valve stenosis). Three 
infants developed diastolic backflow between the first and second echocardiogram (2 
HLHS, 1 CoA). Clinical characteristics of both subgroups are presented in Table 3. Cerebral 
and renal rSO2 and FTOE were similar in infants with and infants without diastolic backflow 
in the descending aorta during both echocardiograms (Figure 3).
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Figure 2 Cerebral and renal rSO
2
 and FTOE in infants with LSOL with antegrade blood flow in the 

ascending aorta (grey boxes) and 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. rSO

2
, 

regional tissue oxygen saturation; FTOE, fractional tissue oxygen extraction; LSOL, left-sided obstructive 
lesions

Figure 3 Cerebral and renal rSO
2
 and FTOE in infants with LSOL with diastolic backflow in the descending 

aorta (white boxes) and infants without diastolic backflow in the descending aorta (grey boxes). Data are 
shown in box-and-whisker plots. Open circles represent outliers. rSO

2
,
 
regional tissue oxygen saturation; 

FTOE, fractional tissue oxygen extraction; LSOL, left-sided obstructive lesions
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Table 3 Clinical and biochemical characteristics of infants with and infants without diastolic backflow 
in the descending aorta during the first and second echocardiogram

Diastolic backflow absent Diastolic backflow present P-value 

ECHO 1 N=10 N=8

Gestational age (weeks) 38.9 (36.0-39.4) 39.3 (38.4-39.7) 0.26

Birth weight (grams) 2775 (1820-3636) 3260 (2075-3850) 0.48

Postnatal age echo 1 (days) 6.5 (1.0-17.0) 2.5 (1.0-5.0) 0.26

SpO
2
 preductal (%) 95.5 (92.0-98.0) 94.5 (91.0-97.0) 0.59

SpO
2
 postductal (%) 92.0 (89.0-97.0) 94.0 (89.0-96.0) 1.00

Mechanical ventilation 4 (40) 4 (50) 1.00

pH# (n=7/7) 7.33 (7.19-7.35) 7.24 (7.23-7.31) 0.31

pCO
2

# (n=6/7)	(kPa) 6.2 (4.6-7.5) 6.1 (5.3-8.2) 0.72

Lactate# (n=5/6)	(mmol/l) 13.0 (4.5-19.4) 4.9 (3.2-5.8) 0.12

Urea# (n=3/3) (mmol/l) 10.9 (4.8-11.7) 5.3 (3.5-14.6) 0.83

Urine output (n=10/7) (ml/kg/h) 1.3 (0.5-2.9) 1.8 (0.7-3.2) 0.88

ECHO 2 N=6 N=10

Gestational age (weeks) 37.4 (35.4-40.1) 39.1 (38.1-39.9) 0.33

Birth weight (grams) 2563 (1690-3513) 3260 (1860-4180) 0.28

Postnatal age echo 2 (days) 15.0 (5.0-25.0) 3.0 (3.0-5.0) 0.02

SpO
2
 preductal (%) 97.0 (94.0-98.0) 95.0 (95.0-97.0) 0.43

SpO
2
 postductal (%) 90.0 (86.0-95.0) 93.0 (87.0-97.0) 0.67

Mechanical ventilation 4 (67) 6 (60) 1.00

pH# (n=5/7) 7.33 (7.23-7.37) 7.24 (7.21-7.31) 0.19

pCO
2

# (n=4/7)	(kPa) 5.8 (3.8-6.7) 6.1 (5.3-8.7) 0.30

Lactate# (n=4/4)	(mmol/l) 9.4 (3.9-22.5) 5.4 (4.7-5.9) 0.47

Urea# (n=2/2) (mmol/l) 9.1 11.3 1.00

Urine output (n=6/10) (ml/kg/h) 4.1 (3.8-4.8) 2.9 (2.2-3.5) 0.03

Data are shown as either median (IQR) or number of patients (percentage). SpO
2 
, transcutaneous arterial oxygen 

saturation. # Indicates first measurement after admission.

Discussion
This study showed that it is possible to obtain information on tissue oxygenation of different 
organ systems in critically ill infants with CHD in a routine clinical setting. Furthermore, our 
results suggested that the direction of blood flow in the ascending aorta was not associated 
with cerebral oxygenation, while the direction of blood flow in the descending aorta was 
not associated with renal oxygenation in infants with LSOL during the first days of admission 
to a NICU.
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Overall, cerebral rSO
2
 values were lower in infants with LSOL in comparison with 

reference values for healthy infants17,18, but above previously reported hypoxic-ischemic 
thresholds of 33-44%19 that were measured with a sensor that measures approximately 10% 
lower compared with the ones we used.20 An explanation for the interchangeable cerebral 
rSO

2
 and FTOE values in infants with antegrade and infants with retrograde blood flow in 

the ascending aorta might be the persistence of antenatal circulatory alterations in favor 
of brain perfusion after birth. Fetuses with CHD often show signs of brain sparing6-8, with 
fetuses with LSOL with retrograde blood flow being more affected than fetuses with LSOL 
with antegrade blood flow in the ascending aorta.9 Furthermore, fetuses with CHD and 
a cerebroplacental ratio <1.0 (brain sparing) had higher cerebral blood flow after birth 
compared with fetuses with CHD and cerebroplacental ratio >1.0.21 We speculate that 
antenatal circulatory alterations in response to chronic hypoxemia persist after birth and 
are responsible for preservation of cerebral oxygen supply in infants with LSOL. This might 
also mean that flow reserve is diminished in infants with LSOL, especially in the ones with 
retrograde blood flow in the ascending aorta and the ones with antegrade blood flow and a 
restrictive ductus arteriosus. Therefore, although cerebral rSO

2
 was above hypoxic-ischemic 

thresholds, caution should be exercised in situations of severe stress.
Another explanation for the similar cerebral rSO

2
 and FTOE values could be a difference 

in postnatal age between both subgroups. At inclusion, infants with retrograde blood flow 
had a median postnatal age of 1 day, while infants with antegrade blood flow had a median 
postnatal age of 4.5 days. Other authors demonstrated that cerebral rSO

2
 slightly decreases 

in term infants during the first week after birth.17,18 Thus, if cerebral rSO
2
 would have been 

measured at a similar postnatal age in both subgroups, infants with antegrade blood flow 
might have had higher cerebral rSO

2
 and lower FTOE values compared with infants with 

retrograde blood flow in the ascending aorta.
Infants with retrograde blood flow had lower renal FTOE and tended to have higher 

renal rSO
2
 compared 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, a higher illness severity in infants with antegrade flow might 
have led to compromised renal oxygen delivery in the presence of relatively preserved 
cerebral blood flow.

Another explanation could be a difference in postnatal age between infants with 
antegrade and infants with retrograde blood flow in the ascending aorta. Previous studies 
reported declining renal rSO

2
 values in healthy term newborn infants during the first 

days after birth.17,18 Since infants with retrograde blood flow were younger during the 
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measurements, this could have contributed to the observed higher renal rSO
2
 and lower 

FTOE values in this subgroup.
Overall, renal rSO

2
 values in our study population were lower in comparison with 

reference values for healthy term infants. Previous studies reported renal rSO
2
 values of 

approximately 86-92% during the first 5 days after birth in healthy term infants17,18, while 
values in our study population ranged from 54 to 93%, with median values of 68% during 
the first echocardiogram and 73% during the second. Diastolic backflow in the descending 
aorta, however, did not seem to further compromise renal oxygen delivery as there were 
no differences in renal rSO

2
 and FTOE between infants with and infants without diastolic 

backflow in the descending aorta. We also did not observe differences in cerebral rSO
2
 and 

FTOE between both groups. Our results suggest that the direction of blood flow in the 
descending aorta is not associated with cerebral and renal tissue oxygen delivery 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 19 infants. Second, this was an observational study, associated with missing values for 
clinical parameters. Third, our subgroups differed with respect to type of CHD, postnatal 
age at inclusion, and timing of diagnosis. Even so, our study group represents the full 
spectrum of infants with LSOL admitted to the NICU. Fourth, we selected two 1-h near-
infrared spectroscopy measurements directly preceding or following echocardiographic 
examination during the first days after admission. This may limit the generalizability of our 
results to the whole preoperative period of infants with LSOL, especially since transition 
from fetal to neonatal life and its circulatory consequences might continue after the first 
days of admission.

In conclusion, the present study suggests that, during the first days after admission, 
cerebral and renal rSO

2
 are lower in infants with LSOL compared with reference values for 

healthy term infants. They do not seem to be related, however, to the direction of blood 
flow in the ascending or descending aorta as measured by Doppler echocardiography.
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Multisite tissue oxygenation in LSOL

Supplemental Table 1 Cerebral and renal rSO
2
 and FTOE in the entire study group

Cerebral rSO
2
 (%) Cerebral FTOE Renal rSO

2
 (%) Renal FTOE

Day	1 67 (61-77) 0.28 (0.20-0.34) 72 (62-83) 0.21 (0.16-0.31)

Day	2 70 (64-81) 0.26 (0.15-0.31) 65 (62-76) 0.31 (0.18-0.34)

Day	3 72 (64-77) 0.23 (0.20-0.33) 64 (54-83) 0.31 (0.13-0.39)

Values are displayed as median (IQR). rSO
2
, regional tissue oxygen saturation; FTOE, fractional tissue oxygen 

extraction.

Supplemental Table 2 Cerebral and renal rSO
2
 and FTOE in the subgroups

Antegrade blood flow Retrograde blood flow

Cerebral Renal Cerebral Renal

rSO
2
	(%) FTOE rSO

2
	(%) FTOE rSO

2
	(%) FTOE rSO

2
	(%) FTOE

Day	1 70 
(65-79)

0.25 
(0.13-0.33)

67 
(60-80)

0.27 
(0.19-0.38)

62 
(57-69)

0.33 
(0.26-0.38)

77 
(72-84)

0.20 
(0.09-0.21)

Day	2 71 
(65-82)

0.23 
(0.12-0.31)

65
(62-81)

0.31
(0.18-0.35)

67 
(64-75)

0.27
(0.17-0.32)

68
(62-76)

0.28 
(0.18-0.34)

Day	3 74 
(64-79)

0.21 
(0.14-0.34)

64 
(54-84)

0.32
0.13-0.39)

69 
(64-75)

0.24 
(0.23-0.31)

64 
(56-79)

0.29 
(0.16-0.42)

Diastolic backflow absent Diastolic backflow present

Cerebral Renal Cerebral Renal

rSO
2
	(%) FTOE rSO

2
	(%) FTOE rSO

2
	(%) FTOE rSO

2
	(%) FTOE

Day	1 70
(59-85)

0.25
(0.08-0.35)

68
(53-80)

0.24
(0.17-0.31)

62
(58-70)

0.34
(0.27-0.38)

77
(68-86)

0.18
(0.02-0.25)

Day	2 76
(62-84)

0.20
(0.11-0.34)

65
(63-82)

0.31
(0.17-0.33)

65
(63-70)

0.30
(0.27-0.32)

64
(59-77)

0.29
(0.18-0.35)

Day	3 70
(63-81)

0.27
(0.14-0.35)

64
(60-84)

0.32
(0.13-0.37)

70
(62-73)

0.24
(0.22-0.32)

68
(63-86)

0.27
(0.10-0.32)

Values are displayed as median (IQR). rSO
2
, regional tissue oxygen saturation; FTOE, fractional tissue oxygen 

extraction.
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