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Postoperative Cerebral Oxygen Saturation
in Children After Congenital Cardiac Surgery
and Long-Term Total Intelligence Quotient:
A Prospective Observational Study

OBIJECTIVES: During the early postoperative period, children with con-
genital heart disease can suffer from inadequate cerebral perfusion, with
possible long-term neurocognitive consequences. Cerebral tissue oxygen
saturation can be monitored noninvasively with near-infrared spectros-
copy. In this prospective study, we hypothesized that reduced cerebral
tissue oxygen saturation and increased intensity and duration of desatura-
tion (defined as cerebral tissue oxygen saturation < 65%) during the early
postoperative period, independently increase the probability of reduced
total intelligence quotient, 2 years after admission to a PICU.

DESIGN: Single-center, prospective study, performed between 2012 and
2015.

SETTING: The PICU of the University Hospitals Leuven, Belgium.

PATIENTS: The study included pediatric patients after surgery for con-
genital heart disease admitted to the PICU.

INTERVENTIONS: None.

MEASUREMENTS AND MAIN RESULTS: Postoperative cerebral per-
fusion was characterized with the mean cerebral tissue oxygen saturation
and dose of desaturation of the first 12 and 24 hours of cerebral tissue ox-
ygen saturation monitoring. The independent association of postoperative
mean cerebral tissue oxygen saturation and dose of desaturation with total
intelligence quotient at 2-year follow-up was evaluated with a Bayesian
linear regression model adjusted for known confounders. According to a
noninformative prior, reduced mean cerebral tissue oxygen saturation dur-
ing the first 12 hours of monitoring results in a loss of intelligence quo-
tient points at 2 years, with a 90% probability (posterior 3 estimates [80%
credible interval], 0.23 [0.04-0.41]). Similarly, increased dose of cerebral
tissue oxygen saturation desaturation would result in a loss of intelligence
quotient points at 2 years with a 90% probability (posterior 3 estimates
[80% credible interval], —=0.009 [-0.016 to —0.001]).

CONCLUSIONS: Increased dose of cerebral tissue oxygen saturation de-
saturation and reduced mean cerebral tissue oxygen saturation during the
early postoperative period independently increase the probability of having
a lower total intelligence quotient, 2 years after PICU admission.

KEY WORDS: cerebrovascular circulation; follow-up studies; heart
defects, congenital; hypoxia; intensive care units, pediatric; spectroscopy,
near-infrared
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alf of all children with congenital heart di-
H sease (CHD) undergo surgery in the first

months of life (1, 2). Despite high survival
rates, many of the surviving children can suffer from
long-term neurodevelopmental deficits (3-6), as a re-
sult of white matter lesions following hypoxic or is-
chemic events (2, 3, 7, 8). To maximize outcomes, the
treating team pursue adequate oxygen delivery during
the entire perioperative period. Cerebral perfusion can
be monitored with near-infrared spectroscopy (NIRS),
which continuously monitors regional cerebral tissue
oxygen saturation (Scto,) in the frontal lobe (9, 10).

Perioperative reduced Scto, is associated with longer
length of stay (LOS) in the PICU, longer duration of
mechanical ventilation, and increased risk of major
postoperative complications and mortality (11-16).
It remains unclear whether reduced Scto, is also as-
sociated with long-term neurocognitive deficits (14).
Several studies have been performed to address this
question, but with contradictory results, due to the lim-
ited number of the patients enrolled and the lack of a
uniform protocol to treat nonoptimal Scto, (14).

In this study, we used a large single-center dataset to
investigate the association between Scto, in pediatric
patients after surgery for CHD and total intelligence
quotient (IQ) at 2-year follow-up. The associations
were analyzed with Bayesian inference, which allows
accounting for uncertainty in parameter estimates.

MATERIALS AND METHODS
Study Design

This study includes children with CHD admitted in the
PICU of the University Hospitals Leuven, Belgium, be-
tween 2012 and 2015. It derives from a protocol amend-
ment to a blinded prospective observational study to
investigate the independent association of continuous
Scto, measurements in children admitted after congen-
ital cardiac surgery, on organ failure, PICU, and hospital
outcomes (13, 17). Seventy-nine of the children (91%)
included in this study were also included in the paediat-
ric early versus late parenteral nutrition in critical illness
(PEPaNIC) multicenter, randomized, controlled trial (18).

The protocol of the study was preregistered
(ClinicalTrials.gov: NCT01706497). Both the original
study and the amendment obtained ethical approval
of the ethics committee research UZ/KU Leuven (EC
research).
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Participants

Pediatric patients younger than 12 years old, admitted to
the PICU of the University Hospitals Leuven, Belgium,
who underwent corrective or palliative cardiac sur-
gery for a congenital heart defect, were eligible for the
study. A complete list of the cardiac surgery procedures
amenable for inclusion is reported in Supplemental
Digital Content 1 (http://links.lww.com/CCM/G138).
The enrolled children had to be mechanically ventilated
upon PICU admission, have an arterial catheter in place,
and have an expected PICU LOS longer than 24 hours.
Patients with actual or suspected brain damage, for ex-
ample, children who had cardiopulmonary resuscitation,
severe traumatic brain injury, or chronic neuropathy,
were excluded from the study. Additional reasons for ex-
clusion were the presence of clinical or physiologic con-
ditions that prevented the correct placement of the NIRS
sensors on the patients’ forehead or further admissions
to PICU before the long-term follow-up. Baseline char-
acteristics including age, gender, educational level of the
parents (as described in Supplemental Digital Content
1, http://links.lww.com/CCM/G138), severity of illness
(Pediatric Index of Mortality 3 [PIM3] score), presence
of cyanosis before and after surgery, and predefined syn-
drome (as described in Supplemental Digital Content
1, http://links.lww.com/CCM/G138) were recorded
upon PICU admission. The nutrition strategy (early or
late initiation of parenteral nutrition, as described in
Supplemental Digital Content 2, http://links.Iww.com/
CCM/G139) was recorded. Surgery information such
as the Risk Adjustment for Congenital Heart Surgery 1
score, whether the child underwent cardiopulmonary
bypass (CPB), or whether the child underwent deep hy-
pothermic circulatory arrest and duration of CPB was
recorded.

Cerebral NIRS Monitoring

Scto, was monitored continuously using the FORESIGHT
cerebral oximeter (manufactured by CAS Medical
Systems, Branford, CT. The unit of measurement of Scto,
is in %). The attending bedside clinicians did not have
access to the NIRS data in order not to influence the
independent predictive value of the signal. For that
purpose, the monitor screens were blinded with a
sealed screen cover. Monitoring data were stored in the
Patient Data Management System (MetaVision; iMD-
Soft, Needham, MA), with a minute-by-minute time
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resolution. The signals were assessed through visual
inspection by experienced clinicians and considered of
“low-quality” if, among others, the signal was absent
or presented clear artifacts for more than 50% of the
monitoring time or if it was shorter than 2 hours.

Neurocognitive Outcomes

Total IQ of the included children was assessed 2 years
after PICU admission by trained psychologists with
the Wechsler IQ tests (19, 20). Namely, the Wechsler
Preschool and Primary Scale of Intelligence (WPPSI-
III-NL) (19) was used for children between 2.5 and
5 years and 11 months old, whereas the Wechsler
Intelligence Scale for Children (WISC-III-NL) (20)
was used for children between 6 and 16 years and 11
months old. Seventy-nine of the included children were
assessed in the framework of the PEPaNIC study (18).
The children were assessed at the hospital or at home.
The second option was offered to the parents or care-
givers not able or not willing to travel to the hospital.

Scto2 Predictors

The Scto, traces obtained from the left and right elec-
trodes were averaged. Obvious artifacts (Scto, values
below 20%) were removed and single missing values
were imputed through linear interpolation. Desaturation
was defined as Scto, below 65%. Mean Scto, and dose
of desaturation were computed from the continuous
Scto, signal as possible predictors of lower total IQ at
2-year follow-up (13, 15, 16). The dose of desaturation
combines the intensity and the duration of Scto, less
than 65% (unit of measurement in %-min)—a detailed
description of the computation method is included in
Supplemental Digital Content 2 (http://links.lww.com/
CCM/G139). An example of dose of desaturation is
visualized in Figure 1 with the dark-gray area between
the signal and the gray dashed line, which indicates
the 65% desaturation threshold. The Scto, predictors
were extracted from the beginning of the postoperative
monitoring up to the first 12 hours and up to the first 24
hours of Scto, monitoring. To be included, children had
to have at least 2 hours of continuous Scto, monitoring,
to account for the variation in the duration of the Scto,
recordings the dose was computed as percentage.

Children who experienced prolonged hyperoxia
(Scto, > 85% for more than 10% of the entire monitor-
ing time) were excluded from the analysis.
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95

A
— B

85 - Dose of desaturation for patient B

55

45 T T T T T T T
0 2 4 6 8 10 12

Time of monitoring (hours)

Figure 1. Sequences of regional cerebral tissue oxygen saturation
(Scto,) recordings, first 12hr of monitoring time. Signal A
desaturation dose: 0% min, mean Scto,: 74%. Signal B desaturation
dose: 917 %min; mean Scto,: 57%. For signal B, the desaturation
dose below 65% (unit of measurement: %min) is represented

by the dark-gray area between the signal and the gray dashed

line, which indicates the 65% desaturation threshold. According

to the enthusiastic prior, there is an 80% probability that the dose
of desaturation of signal B results in a loss of 415 1Q points as
compared with signal A. Similarly, there is an 80% probability that
the mean Scto, of signal B results in 2.8-7.4 1Q points lower total IQ
than signal A 2-yr after pediatric intensive care medicine admission.

Statistical Analysis

The independent association between Scto, predictors
and total IQ was investigated through Bayesian mul-
tivariable linear regression models. In Bayesian anal-
ysis, the final B estimates of the linear regression model
(posterior [ estimates) integrate prior knowledge
(results of previous studies or common knowledge)
with the information provided by the analyzed data.

Three models with different types of prior prob-
ability distributions for the Scto, predictors under
analysis were built: 1) neutral prior distribution: it is a
noninformative prior and assumes no association be-
tween the Scto, predictors and outcomes, 2) enthusi-
astic prior distribution: it assumes that desaturation is
associated with lower total IQ, and 3) skeptical prior
distribution: it assumes that desaturation is associated
with higher total IQ. The sps of the skeptical and en-
thusiastic priors, which quantify the uncertainty of the
parameter, were set to, respectively, twice and half their
prior most likely value.

In Bayesian statistics, the credible interval of the pos-
terior distribution indicates the range of values to which

969

www.ccmjournal.org


http://links.lww.com/CCM/G139
http://links.lww.com/CCM/G139

Carra et al

the posterior B estimate belongs with a certain proba-
bility. In this study, the 80% credible interval was used.

The model was adjusted for cofactors that have been
shown to affect neurocognitive outcomes in previous
studies, namely, age, nutrition strategy, presence of syn-
drome, presence of cyanosis after surgery, and PIM3 score
(18,21-27). The model was adjusted for nutrition strategy
since part of the included children were also included in
the PEPaNIC trial (18), which aimed at investigating the
effect of early versus late administration of parenteral
nutrition on the short- and long-term outcomes of the
children involved. Detailed information on the princi-
ples and construction of the Bayesian model, including
informative priors set for the presence of syndrome and
presence of cyanosis, is reported in Supplemental Digital
Content 1 (http://links.lww.com/CCM/G138).

Results of the Bayesian model were compared with
a frequentist multivariable linear regression model
(traditional statistical method), adjusted for the same
cofactors of the Bayesian model. Statistical significance
was set at a p value of 0.05.

A sensitivity analysis for the definition of desatura-
tion was performed, using as desaturation thresholds
60% and 55%. In addition, two sensitivity analyses
were performed on the effect of additional adjusting
factors. The multivariable linear model was addition-
ally adjusted for the educational level of the parents
and, in a separate analysis, for the duration of CPB.
The analyses were limited to the subsets of patients
that had the required information. In addition, an in-
teraction effect analysis was performed to investigate
the effect of presence of cyanosis after surgery on Scto,
mean and dose of desaturation.

Ordinal and continuous variables were reported
using mean and sp for normal distributions and using
median and 25-75th interquartile range (IQR) for
nonnormal distributions.

Analyses were performed using Python Version 2.7
(Python Software Foundation, http://www.python.
org), Scipy Version 0.19 (https://www.scipy.org), and
Pymc3 Version 3.5 (https://docs.pymc.io).

RESULTS
Study Population

Three-hundred children were recruited for the study.
Of the enrolled patients, 78 patients were lost at fol-
low-up, of the remaining 222 patients, 126 patients had
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300 patients were enrolled in the study

l—'l 78 patients were lost at follow-up

222 patients included in the follow-up

9  non-survivors at follow-up
126 patients had low-quality NIRS

s

A J

87 patients were included in the analysis

Figure 2. Flow diagram for study participants inclusion.
NIRS = near-infrared spectroscopy.

low-quality NIRS, and nine died. Eighty-seven patients
were included in the analysis (see flow diagram for pa-
tient inclusion in Figure 2).

Table 1 reports baseline demographics and clinical
characteristics in PICU of the children included in
the study. At PICU admission, the median (IQR) age
of the children was 4 months (1-13 mo). The median
(IQR) PIM3 was -3.37 (-3.93 to -2.67). A syndromic
diagnosis was present in eight patients (9%), and 27
patients (31%) had the presence of cyanosis after sur-
gery. Parenteral nutrition was withheld in the first
week of PICU stay in 43 patients (49%). Children had
a mean (sp) 2-year follow-up total IQ of 91.9 (13.7).
The mean Scto, for both the first 12 and 24 hours of
monitoring time was equal to a mean (sp) of 71 (7)%,
whereas the dose of desaturation was equal to a median
(IQR) 0f 0.42 (0-53)%-minutes and 0.64 (0-49)%-min-
utes for the first 12 and 24 hours of monitoring time,
respectively. Examples of dose of desaturation for
some patients are reported in Supplemental Digital
Content 3 (http://links.lww.com/CCM/G140).

Association Between Scto, Predictors and
2-Year Neurocognitive Development

Bayesian analysis using neutral, skeptical, and enthu-
siastic priors provided consistent results. In fact, in
each analysis, an increased dose of Scto, desaturation
and a reduced mean Scto, during the first 12 and 24
hours of Scto, monitoring independently increased
the probability of lower total IQ at 2-years follow-up,
results are reported in Table 2 as posterior B estimates
(80% credible interval). The credible interval indicates
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TABLE 1.
Baseline Demographics, Clinical Characteristics, and Outcomes of Participating Children

Descriptive Statistics

Characteristics (n=87)

Demographics

Age (mo), median (IQR) 4 (1-13)
Gender (male), n (%) 56 (64)
Educational level of the parents?
Level 1, n (%) 3 (3)
Level 1.5, n (%) 7 (8)
Level 2, n (%) 19 (22)
Level 2.5, n (%) 20 (23)
Level 3, n (%) 27 (31)
Unknown, n (%) 11 (13)
Clinical situation at admission
PIM3 score, median (IQR) -3.34 (-3.93 to —2.67)
PIM3 probability of death (%), median (IQR) 3 (2-6)
Patients with syndrome, n (%) 8 (9)
Children with cyanosis before surgery, n (%) 54 (62)
Surgery
Risk Adjustment for Congenital Heart Surgery 1 score, median (IQR) 2 (2-3)
Patients that underwent CPB, n (%) 78 (89)
Patients that underwent deep hypothermic circulatory arrest, n (%) 3 (4)
CPB duration® (min), median (IQR) 77 (58-109)
Postoperative clinical situation
Children with persistent cyanosis after surgery, n (%) 27 (31)
Nutrition strategy (late parenteral nutrition), n (%) 43 (49)
Duration of Scto, monitoring (hr), median (IQR) 16 (9-28)
PICU length of stay (d), mean (sb) 7 (10)
Total intelligence quotient, mean (IQR) 91.9 (13.7)
Scto, features, first 12 hr of monitoring
Scto, mean (%), mean (sb) 71 (7)
Scto, dose of desaturation (%-min), median (IQR) 0.42 (0-53)
Scto2 features, first 24 hr of monitoring
Scto, mean (%), mean (sb) 71 (7)
Scto, dose of desaturation (%-min), median (IQR) 0.64 (0-49)

CPB = cardiopulmonary bypass, IOR = interquartile range, PIM3 = Pediatric Index of Mortality 3, Scto, = cerebral tissue oxygen saturation.
aThe educational level of the parents was computed as the mean of the level of the maternal and paternal educational levels. The single score
is based on a 3-point scale (1 is low, 2 is middle, and 3 is high; see Supplemental Digital Content 1, http://links.lww.com/CCM/G138).
®Data available only for children that underwent CPB and the statistic is computed on this subset of children.
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TABLE 2.

Multivariable Linear Regression Analysis for the Association Between Cerebral Tissue
Oxygen Saturation Features and Total Intelligence Quotient

Desaturation Dose

Probability That
the Posterior
p Estimate is

Strictly
Negative (-)/
Positive(+)

Posterior § Estimates

Variables (80% Credible Interval)

First 12hr of Scto, Monitoring

Mean Scto,

Probability That
the Posterior
B Estimate is

Strictly
Negative (-)/
Positive(+)

Posterior § Estimates
(80% Credible Interval)

Skeptical prior -0.007 (-0.015 to 0.000) 90% (-) 0.208 (0.015-0.412) 90% (+)

Neutral prior -0.009 (-0.016 to —0.001) 90% (-) 0.227 (0.037-0.412) 90% (+)

Enthusiastic prior -0.011 (-0.017 to —0.005) 97.5% (-) 0.300 (0.166-0.436) 97.5% (+)
First 24 hr of Scto, monitoring

Skeptical prior -0.006 (-0.014 to 0.001) 85% (-) 0.226 (0.030-0.426) 90% (+)

Neutral prior -0.008 (-0.016 to 0.000) 90% (-) 0.237 (0.055-0.435) 90% (+)

Enthusiastic prior -0.011 (-0.018 to —0.005) 97.5% (-) 0.305 (0.172-0.442) 97.5% (+)

Scto, = cerebral tissue oxygen saturation.

the range of  estimates at which the posterior p value
belongs with an 80% probability. In addition, Table 2
reports the probability that the posterior B estimate
is strictly negative (or strictly positive). An increased
dose of Scto, desaturation during the first 12 hours of
monitoring resulted in a loss of IQ points at 2-year fol-
low-up with a 90%, 90%, and 97.5% probability, respec-
tively, for the skeptical, neutral, and enthusiastic priors
(posterior {3 estimates [80% credible interval] equal to
~0.007 [-0.015 to 0.000], -0.009 [-0.016 to -0.001],
and -0.011 [-0.017 to -0.005], respectively). The cor-
responding results from the frequentist approach (tra-
ditional statistical method) did not show a statistically
significant association (P estimates [CI] per %-minutes
increase equal to -0.009 [-0.021 to 0.003], R* = 0.19,
p=0.14). Reduced mean Scto, during the first 12 hours
of monitoring resulted in lower total IQ at 2-year fol-
low-up with a 90%, 90%, and 97.5% probability for the
skeptical, neutral, and enthusiastic priors, respectively
(posterior {3 estimates [80% credible interval] equal to
0.208 [0.015-0.412], 0.227 [0.037-0.412], and 0.300
[0.166-0.436], respectively). A representation of the
priors and posterior probability distributions for the
mean Scto, is shown in Figure 3. The corresponding
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results from the frequentist approach did not show a
statistically significant association (P estimates [CI] per
% increase equal to 0.36 [-0.084 to 0.811], R* = 0.20,
p = 0.11). Similar results were obtained when taking
into account the first 24 hours of monitoring (Table 2).
Figure 1 shows an example of Scto, episodes associated
with reduced neurocognitive outcomes. According to
the enthusiastic prior, there is an 80% probability that
the dose of desaturation of signal B (Fig. 1) resultsin a
loss of 4-15 IQ points compared with signal A (Fig. 1).
Similarly, there is an 80% probability that the mean
Scto, of signal B (Fig. 1) results in 2.8-7.4 1Q points
lower total IQ than signal A (Fig. 1) 2 years after PICU
admission. Additional examples of Scto, episodes as-
sociated with reduced neurocognitive outcomes are
reported in Supplemental Digital Content 3 (http://
links.lww.com/CCM/G140). Posterior p estimates and
representation of prior and posterior distributions for
all covariates are reported in Supplemental Digital
Content 4 (http://links.lww.com/CCM/G141).
Sensitivity analyses for the definition of desaturation
provided consistent results with the previous analyses—
see Supplemental Digital Content 4 (http://links.lww.
com/CCM/G141). Similarly, sensitivity analyses on

June 2021  Volume 49 ¢« Number 6
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Figure 3. Comparison between the 3 priors and § posteriors probability distribution of the skeptical, neutral, and enthusiastic priors of
the multivariable Bayesian model on the relation between mean regional cerebral tissue oxygen saturation (Scto,) and total IQ. Only the
distributions of the § estimate of the mean Scto, (first 12hr of monitoring time) are shown.

the effect of additional adjusting factors to the multi-
variable linear model provided consistent results—see
Supplemental Digital Content 4 (http://links.lww.com/
CCM/G141). No interaction effect was observed be-
tween presence of cyanosis, mean Scto,, and desatura-
tion—see Supplemental Digital Content 4 (http://links.
lww.com/CCM/G141).

DISCUSSION

Although the survival of pediatric patients after car-
diac surgery has improved over the last decades (28),

Critical Care Medicine

a significant proportion of them still suffers from neu-
rocognitive impairments (6). As a result, vast attention
has been given to identifying those factors, related to
or independent of the clinical practice, which could
affect the neurocognitive development of these chil-
dren. We used Bayesian statistics to analyze the associ-
ation between Scto, desaturation and mean Scto, and
total IQ, 2 years after PICU admission.

In this study, increased dose of Scto, desaturation
and lower mean Scto, in the first 12 and 24 hours
of monitoring independently increased the prob-
ability of having a lower total IQ 2 years after PICU

www.ccmjournal.org 973
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admission. These findings are in line with previous
studies that showed high vulnerability of the immature
brain to prolonged periods of cerebral desaturation
(2,3,7, 13,29-31).

Validated critical thresholds for harmful cerebral
Scto, are lacking. In literature, desaturation is heter-
ogeneously defined, with thresholds that range from
45% to 65% (29, 30, 32-34). Although relatively high,
the 65% threshold used in this study permitted to iden-
tify periods of desaturation of which dose independ-
ently increased the chances of lower total IQ at 2-year
follow-up. Sensitivity analyses and interaction effect
analysis confirmed the robustness of the results. The
results may indicate that impaired brain oxygenation
already occurs at higher oxygen saturation thresholds.

Adoption of skeptical, neutral, and enthusiastic pri-
ors had almost no effect on the posterior B estimates,
but it rather affected the level of certainty of the esti-
mates, as shown by the sps of the probability distri-
butions in Figure 3. Hence, the association between
Scto, predictors and total IQ results not only when an
a priori association is hypothesized (enthusiastic pri-
ors) but also when an a priori lack of association (neu-
tral priors) or a negative association (skeptical priors)
is hypothesized.

The corresponding frequentist approach did not pro-
vide statistically significant results; this is likely due to a
lack of statistical power. However, it is worth to observe
that: 1) Bayesian and frequentist analyses provide com-
parable B estimates values and 2) the credible interval
resulting from the Bayesian model is always included in
the 95% CI resulting from the frequentist model.

Due to the limited size of the dataset and the data
distribution, this study uniquely focused on the dele-
terious effects of desaturation on the developing brain.
However, no observations can be made on the harm-
fulness of hyperoxia, of which long-term consequences
should be further investigated in future studies.

It remains unclear whether Scto, desaturation and
lower mean Scto, are similarly associated with neu-
rocognitive outcomes when evaluated at later time
points, for instance, at 4- or 10-year follow-up. In addi-
tion, although these results have no therapeutic impli-
cations, they may represent a foundation for future
randomized clinical trials (RCTs). The target of a pos-
sible RCT may be the maintenance of Scto, between
65% and the current Scto, upper range supported by
literature (around 85%).

974 www.ccmjournal.org

This study has some limitations. First, due to the
single-center design of the data set, the results may not
be generalizable and require external validation in a
larger prospective cohort. Second, this is an observa-
tional study of prospectively collected data. Hence, only
associations and not causality are shown by the results.
Third, the Scto, was quantified with NIRS, which
monitors the oxygen saturation of a regional area of
the frontal lobe. In addition, the trace was obtained by
averaging recordings from the right and left electrodes.
Therefore, considerations on the perfusion status of
other areas of the brain outside the NIRS optical field
or of one specific hemisphere cannot be made. Fourth,
in this study, we only focus on the cerebral oximetry
during the first 12 and 24 hours after surgery, but brain
damage could have been occurred at other moments in
time (preoperatively, perioperatively, or late postoper-
atively) and in other areas of the brain. Fifth, readings
of the NIRS oximeter may vary among brands. Sixth,
clinical or pathologic causes of potentially harmful
doses of Scto, desaturation were not investigated, but
they should be explored in a future randomized pro-
spective study. Seventh, given the reduced size of the
dataset, desaturation was defined by using a cutoff of
65% also for children with cyanosis, for whom a lower
threshold might be more appropriate. Eighth, the mul-
tivariable linear regression model was not adjusted for
the duration of PICU stay. We acknowledge that the
duration of PICU stay has been previously associated
with poor neurodevelopment, and hence, it might play
a role in explaining the long-term outcomes of chil-
dren with CHD. However, it was excluded from the list
of adjusting factors given the limited size of the data-
set and given that it resulted highly correlated with the
PIM3 score. Last, although multiple confounders were
taken into account when performing the analyses and
although sensitivity analyses on additional adjusting
factors provided consistent results, we cannot exclude
the eventuality of other factors that affect outcomes
but were not included in the analysis.

Despite these limitations, this represents the first
study that analyzes the association between Scto,,
measured by NIRS, and total IQ at 2-year follow-up
in a large cohort of pediatric patients after cardiac
surgery. A strength of this study is the exclusion of
treatment bias, as the NIRS monitor was blinded to
clinicians. Furthermore, given the prospective design,
the study could count on detailed data collection.
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CONCLUSIONS

In critically ill children admitted to the PICU after
congenital heart surgery, increased dose of desatura-
tion, defined as the combination of time and inten-
sity of Scto, < 65%, and lower mean Scto, in the first
12 and 24 hours of monitoring time independently
increased the probability of a lower total IQ at 2-year
follow-up. Whether interventions to prevent desatura-
tion and reduced mean Scto, would result in improved
outcomes remains to be investigated.

ACKNOWLEDGMENTS

We thank the psychologists and research team mem-
bers involved in the study for their help with the
neurocognitive testing, and for the technical and ad-
ministrative support. We also thank the children and
their parents or legal representatives for participation
in the study.

All authors: Clinical Division and Laboratory of Intensive Care
Medicine, Department of Cellular and Molecular Medicine, UZ
Leuven and KU Leuven, Leuven, Belgium.

Current address for Dr. Flechet: Collaborative Care Solutions,
Philips Research, Eindhoven, The Netherlands.

Dr. Flechet contributed to the work while Post-Doctoral re-
searcher of KU Leuven. She reviewed the final version of the
article while employed at Philips Research, which has not been
involved in the work presented in this article.

Supplemental digital content is available for this article. Direct
URL citations appear in the printed text and are provided in the
HTML and PDF versions of this article on the journal’s website
(http://journals.lww.com/ccmjournal).

Supported, in part, by an European Research Council Advanced
Grant (AdvG-2012-321670) from the Ideas Program of the
European Union 7th framework program to GVdB; by the
Methusalem program of the Flemish government (through the
University of Leuven to GVdB, METH/08/07 and to GVdB and
IV, METH14/06); by the Institute for Science and Technology,
Flanders, Belgium (through the University of Leuven to GVdB,
IWT/070695/TBM).

Ms. Carra receives funding from the Research Foundation,
Flanders (FWO) as a PhD fellow (fellowship number:
1S28120N). Dr. Meyfroidt is supported by the Research
Foundation, Flanders (FWQ) as senior clinical investigator
(1843118N). Drs. Giiiza and Meyfroidt receive project funding
from the KU Leuven (C2 project [C24/17/072]: a Neuromonitor
for the 21st century). Drs. Flechet and Verstraete received funding
from the Research Foundation, Flanders (FWO) as PhD fellows
(fellowship numbers: 11Y1118N and 11V9215N, respectively).

Critical Care Medicine

Ms. Carra and Dr. Meyfroidt received a PhD fellowship from the
FWO (Belgium). The remaining authors have disclosed that they
do not have any potential conflicts of interest.

For information regarding this article, E-mail: geert.meyfroidt@
uzleuven.be

REFERENCES

1. Hoffman JI, Kaplan S: The incidence of congenital heart di-
sease. J Am Coll Cardiol 2002; 39:1890-1900

2. Glass TJA, Seed M, Chau V: Chapter 15 - Congenital Heart
Disease: AnImportant Cause of Brain Injury and Dysmaturation.
Third Edition. Elsevier Inc,, 2019

3. Galli KK, Zimmerman RA, Jarvik GP, et al: Periventricular leu-
komalacia is common after neonatal cardiac surgery. J Thorac
Cardiovasc Surg 2004; 127:692-704

4. Bellinger DC, Wypij D, Kuban KC, et al: Developmental and
neurological status of children at 4 years of age after heart
surgery with hypothermic circulatory arrest or low-flow cardio-
pulmonary bypass. Circulation 1999; 100:526-532

5. Majnemer A, Limperopoulos C: Developmental progress of
children with congenital heart defects requiring open heart
surgery. Semin Pediatr Neurol 1999; 6:12-19

6. Gaynor JW, Stopp C, Wypij D, et al; International Cardiac
Collaborative on Neurodevelopment (ICCON) Investigators:
Neurodevelopmental outcomes after cardiac surgery in in-
fancy. Pediatrics 2015; 135:816-825

7. Kinney HC, Panigrahy A, Newburger JW, et al: Hypoxic-
ischemic brain injury in infants with congenital heart di-
sease dying after cardiac surgery. Acta Neuropathol 2005;
110:663-578

8. Wernovsky G, Licht DJ: Neurodevelopmental outcomes in
children with congenital heart disease-what can we impact?
Pediatr Crit Care Med 2016; 17:5232-S2492

9. Ghanayem NS, Wernovsky G, Hoffman GM: Near-infrared
spectroscopy as a hemodynamic monitor in critical illness.
Pediatr Crit Care Med 2011; 12:S27-S32

10. Zulueta JL, Vida VL, Perisinotto E, et al: Role of intraoperative
regional oxygen saturation using near infrared spectroscopy
in the prediction of low output syndrome after pediatric heart
surgery. J Card Surg 2013; 28:446-452

11. Fenton KN, Freeman K, Glogowski K, et al: The significance
of baseline cerebral oxygen saturation in children undergoing
congenital heart surgery. Am J Surg 2005; 190:260-263

12. Dent CL, Spaeth JP, Jones BV, et al: Brain magnetic reso-
nance imaging abnormalities after the Norwood procedure
using regional cerebral perfusion. J Thorac Cardiovasc Surg
2005; 130:1523-1530

13. Flechet M, Giiiza F, Vlasselaers D, et al: Near-infrared cerebral
oximetry to predict outcome after pediatric cardiac surgery: A
prospective observational study. Pediatr Crit Care Med 2018;
19:433-441

www.ccmjournal.org 975


http://journals.lww.com/ccmjournal
mailto:geert.meyfroidt@uzleuven.be
mailto:geert.meyfroidt@uzleuven.be

Carra et al

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

976

Zaleski KL, Kussman BD: Near-infrared spectroscopy in pe-
diatric congenital heart disease. J Cardiothorac Vasc Anesth
2020; 34:489-500

Vida VL, Tessari C, Cristante A, et al: The role of regional ox-
ygen saturation using near-infrared spectroscopy and blood
lactate levels as early predictors of outcome after pediatric
cardiac surgery. Can J Cardiol 2016; 32:970-977

Slater JB, Guarino T, Stack J, et al: Cerebral oxygen desatu-
ration predicts cognitive decline and longer hospital stay after
cardiac surgery. Ann Thorac Surg 2009; 87:36-44

Flechet M, Giiiza F, Scharlaeken |, et al: Near-infrared-based
cerebral oximetry for prediction of severe acute kidney injury
in critically ill children after cardiac surgery. Crit Care Explor
2019; 1:e0063

Verstraete S, Verbruggen SC, Hordijk JA, et al: Long-term de-
velopmental effects of withholding parenteral nutrition for 1
week in the paediatric intensive care unit: A 2-year follow-up
of the PEPaNIC international, randomised, controlled trial.
Lancet Respir Med 2019; 7:141-153

Hendriksen J, Hurks P: WPPSI-III-NL | Wechsler Preschool
and Primary Scale of Intelligence. 2010

Wechsler D: WISC-III-NL | Wechsler Intelligence Scale for
Children-lll. Amsterdam, The Netherlands, 2005

Miatton M, De Wolf D, Francois K, et al: Neurocognitive con-
sequences of surgically corrected congenital heart defects: A
review. Neuropsychol Rev 2006; 16:65—-85

Palmer SL, Hassall T, Evankovich K et al: Neurocognitive out-
come 12 months following cerebellar mutism syndrome in
pediatric patients with medulloblastoma. Neuro Oncol 2010;
12:1311-1317

Virtanen R, Korhonen T, Fagerholm J, et al: Neurocognitive
sequelae of scaphocephaly. Pediatrics 1999; 103:791-795
van der Sluijs Veer L, Kempers MJ, Wiedijk BM, et al: Evaluation
of cognitive and motor development in toddlers with congen-

ital hypothyroidism diagnosed by neonatal screening. J Dev
Behav Pediatr 2012; 33:633-640

www.ccmjournal.org

25.

26.

217,

28.

29.

30.

31.

32.

33.

34.

Armstrong-Wells J, Bernard TJ, Boada R, et al
Neurocognitive outcomes following neonatal encephalopathy.
NeuroRehabilitation 2010; 26:27-33

Hévels-Gurich HH, Seghaye MC, Dabritz S, et al: Cognitive
and motor development in preschool and school-aged children
after neonatal arterial switch operation. J Thorac Cardiovasc
Surg 1997; 114:578-685

Limperopoulos C, Majnemer A, Shevell Ml, et al: Predictors
of developmental disabilities after open heart surgery in
young children with congenital heart defects. J Pediatr 2002;
141:51-58

Oster ME, Lee KA, Honein MA, et al: Temporal trends in sur-
vival among infants with critical congenital heart defects.
Pedlatrics 2013; 131:1502-e1508

Kussman BD, Wypij D, Laussen PC, et al: Relationship of intra-
operative cerebral oxygen saturation to neurodevelopmental
outcome and brain magnetic resonance imaging at 1 year
of age in infants undergoing biventricular repair. Circulation
2010; 122:245-254

Spaeder MC, Klugman D, Skurow-Todd K, et al: Perioperative
near-infrared spectroscopy monitoring in neonates with con-
genital heart disease: Relationship of cerebral tissue oxy-
genation index variability with neurodevelopmental outcome.
Pediatr Crit Care Med 2017; 18:213-218

Hoffman GM, Ghanayem NS, Scott JB, et al: Postoperative ce-
rebral and somatic near-infrared spectroscopy saturations and
outcome in hypoplastic left heart syndrome. Ann Thorac Surg
2017;103:1627-1535

McNeill S, Gatenby JC, McElroy S, et al: Normal cerebral, renal
and abdominal regional oxygen saturations using near-infrared
spectroscopy in preterm infants. J Perinato/ 2011; 31:561-57
Dix LML, van Bel F, Lemmers PMA: Monitoring cerebral oxy-
genation in neonates: An update. Front Pediatr 2018; 5:1-9
Neshat Vahid S, Panisello JM: The state of affairs of neuro-

logic monitoring by near-infrared spectroscopy in pediatric
cardiac critical care. Curr Opin Pediatr 2014; 26:299-303

June 2021 ¢ Volume 49 ¢« Number 6



