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Original Article

Near-infrared spectroscopy after high-risk congenital heart
surgery in the paediatric intensive care unit

Lyvonne N. Tume,"” Philip Arnold’

"Department of PICU, Alder Hey Children’'s NHS Foundation Trust and Department, Liverpool; ~School of Health, The
University of Central Lancashire, Preston; > Department of Translational Medicine, Alder Hey Children’s NHS
Foundation Trust, University of Liverpool, Liverpool, United Kingdom

Abstract Objective: To establish whether the use of near-infrared spectroscopy is potentially beneficial in high-
risk cardiac infants in United Kingdom paediatric intensive care units. Design: A prospective observational
pilot study. Serting: An intensive care unit in North West England. Patients: A total of 10 infants after congenital
heart surgery, five with biventricular repairs and five with single-ventricle physiology undergoing palliation.
Interventions: Cerebral and somatic near-infrared spectroscopy monitoring for 24 hours post-operatively in the
intensive care unit. Measurement and main results: Overall, there was no strong correlation between cerebral near-
infrared spectroscopy and mixed venous oxygen saturation (r = 0.48). At individual time points, the correlation
was only strong (r = 0.74) 1 hour after admission. The correlation was stronger for the biventricular patients
(r = 0.68) than single-ventricle infants (r = 0.31). A strong inverse correlation was demonstrated between cerebral
near-infrared spectroscopy and serum lactate at 3 of the 5 post-operative time points (1, 4, and 12 hours: r = - 0.76,
-0.72, and -0.69). The correlation was stronger when the cerebral near-infrared spectroscopy was <60%. For
cerebral near-infrared spectroscopy <60%, the inverse correlation with lactate was r = - 0.82 compared with those
cerebral near-infrared spectroscopy >60%, which was r = - 0.50. No correlations could be demonstrated between
(average) somatic near-infrared spectroscopy and serum lactate (r =-0.13, n = 110) or mixed venous oxygen
saturation and serum lactate. There was one infant who suffered a cardiopulmonary arrest, and the cerebral near-
infrared spectroscopy showed a consistent 43 minute decline before the event. Conclusions: We found that cerebral
near-infrared spectroscopy is potentially beneficial as a non-invasive, continuously displayed value and is feasible to
use on cost-constrained (National Health Service) cardiac intensive care units in children following heart surgery.

Keywords: Near-infrared spectroscopy; intensive care; congenital heart disease; cardiac surgery; post-operative; monitoring

Received: 23 August 2013; Accepted: 3 January 2014

OR HIGH-RISK POST-OPERATIVE CARDIAC SURGICAL pre- and post-operative phase for high-risk cases, for

infants, the first 24—48 hours is critical. Standard
paediatric cardiac intensive care unit monitoring
does not always show subtle or gradual deterioration.
Cerebral near-infrared spectroscopy has been used for
some time during cardiac surgery to detect impaired
cerebral oxygenation and is increasingly used in the
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example Norwood operations.'™ However, there are
limited paediatric data to suggest values that may
predict adverse events or poor outcome or indeed
whether near-infrared spectroscopy can predict earlier
deterioration — compared with standard monitoring —
in the intensive care unit post—operatively.4 There is
one prospective study on hypoplastic left heart
syndrome infants that has explored the effect of near-
infrared spectroscopy on developmental outcome.’
However, no prospective studies have examined other
“high-risk” post-operative cardiac surgical infants in
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terms of how near-infrared spectroscopy changes over
the first post-operative 24 hours. A systematic review
found that although near-infrared spectroscopy has
promise, there remains a lack of robust data demonstrat-
ing improved outcomes in congenital heart disease.
Furthermore, the use of near-infrared spectroscopy is
expensive, and thus in an economically constrained
healthcare system like the UK National Health Service
evidence of effectiveness is needed to justify the use
of this monitoring for post-operative cardiac surgical
children. The aim of this pilot study was to establish
whether the use of near-infrared spectroscopy is
potentially beneficial in a group of high-risk cardiac
infants in a UK paediatric intensive care unit.

Materials and methods

A prospective observational pilot study was under-
taken. The pilot study of 10 infants was undertaken at
an intensive care unit in the North West of England.
This study aimed to demonstrate associations between
near-infrared spectroscopy and haemodynamic and
biochemical variables, see how near-infrared spectro-
scopy changed over the first 24 hours post-operatively
both in biventricular and single-ventricle infants, and
see whether near-infrared spectroscopy showed earlier
prediction of serious adverse events than standard
paediatric intensive care monitoring. As a pilot study,
potential benefit, parental consent rates, and refine-
ment of data collection methods were also determined,
as recommended before further definitive trials’
The inclusion criteria were:

1. Group 1 Biventricular group: high-risk biventricu-
lar repair infants: arterial switch operations, aortic
arch repairs (n = 5).

2. Group 2 Univentricular group: high-risk single-
ventricle surgery: Norwood Sano operation, pul-
monary artery bands, modified Blalock—Taussig
shunts (n = 5) in single-ventricle children or
similar high-risk single ventricle surgery (where
the child was expected to progress down the
Fontan circulation route).

The Equanox (Model 7600; Nonin Medical,
Plymouth, Minnesota, United States of America)
near-infrared spectroscopy device was used to moni-
tor 2 channel (cerebral and somatic) near-infrared
spectroscopy for 24 hours post-operatively. The
EQUANOX Advance™ Neonatal/Pediatric Sensor were
applied over the infant’s right lateral forehead and the
larger adult probe was used over the right flank area
to monitor somatic near-infrared spectroscopy. This
device is a third-generation near-infrared spectro-
scopy device with four light emitters, which records
and saves data every 4 seconds. Near-infrared spec-
troscopy was not standard practice in our intensive

care unit, and thus the display of data was blinded to
staff, to avoid affecting interventions specific to near-
infrared spectroscopy values. Serious adverse events
were defined as: cardiopulmonary arrest in the study
period, cardiac tamponade or other event requiring
emergency chest re-exploration, need for extracorporeal
membrane oxygenation, acute kidney injury defined as
the need for renal replacement therapy, including
peritoneal dialysis for fluid removal, in the paediatric
intensive care unit period, necrotising enterocolitis
(suspected or confirmed) where treatment was initiated,
acute neurological events (stroke or seizures) or re-do
surgery cardiac required within 14 days of initial
operation. The infants were followed up for 30 days
post-operatively or until they left the hospital for serious
adverse events, length of paediatric intensive care unit
stay, re-do surgery, and length of hospital stay.

The cerebral and somatic near-infrared spectroscopy
probes — cerebral placed over right-sided forehead and
somatic probe placed in a latero-posterior location over
the right flank at the approximate level of T12-L2 —
were placed by one of two study investigators before
anaesthetic induction (time point 0) and were left in
situ for 24 hours post-operatively from the time of
arrival in the paediatric intensive care unit. Both
cerebral and somatic near-infrared spectroscopy were
continuously monitored and recorded by the device
at 4-second intervals for 24 hours with significant
events recorded and marked on the device and
recorded on a data collection form. Near-infrared
spectroscopy was also correlated at defined time
points (an average score taken over 2 minutes) Time O
(pre-operative in anaesthetic room), Time 1 (baseline
post operation in theatre), Time 2 (1 hour post
intensive care unit admission), Time 3 (4 hours on
paediatric intensive care unit), Time 4 (8 hours
on paediatric intensive care unit), Time 5 (12 hours
on paediatric intensive care unit), and Time 6 (24
hours of paediatric intensive care unit) with a central
venous oxygen saturation (taken from the child’s
central line), serum lactate (measured on arterial
blood gas), and other clinical and laboratory para-
meters (heart rate, blood pressure, arterial oxygen
saturation, central venous pressure, haemoglobin,
and arterial blood gas parameters). The position of the
central line was not standardised for the purposes of
this study, but was defined by institutional policy
and the preference of the anaesthetist.

Standard cardiac intensive care unit haemodynamic
monitoring was used that included: continuous electro-
cardiogram, continuous intra-arterial blood pressure,
central venous pressure monitoring, continuous arterial
oxygen saturation monitoring, and end tidal carbon
dioxide monitoring. Both arterial and mixed venous
blood gases were sampled regularly but intermittently
for the partial pressure of oxygen and carbon dioxide,
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oxygen saturation, blood pH, base deficit and serum
lactate, haemoglobin, and key electrolytes (potassium,
ionised calcium, sodium, and chloride). These infants
were nursed with a nurse: patient ratio of 1:1. These
infants were kept heavily analgised, sedated, and
usually muscle relaxed for the first post-operative night,
with interventions kept to a minimum.

The statistical analysis was guided by a medical
statistician and performed on Microsoft Excel and
IBM SPSS v 20. Descriptive analyses were under-
taken first, then where possible inferential analysis
was undertaken. Normally distributed data were
analysed using parametric tests with a p-value of
<0.05 considered significant. Two-tailed tests were
used. For correlations, a strong correlation was
defined as r-value >0.6. Non-normally distributed
and categorical data were analysed using non-
parametric tests (Spearman’s p). Normality of data
was confirmed by the Shapiro—Wilks test. For nor-
mally distributed data, repeated measures analysis of
variance was used to test the change in near-infrared
spectroscopy over time.

In addition to the planned analysis of near-infrared
spectroscopy at fixed time points, an opportunistic
analysis was conducted post hoc. The objective of this
was to provide additional data points to allow more
detailed examination of associations indicated by the
planned analysis. For the opportunistic analysis,
short-term variations in the near-infrared spectro-
scopy were eliminated by use of smoothing function.
An exponentially weighted average was calculated by
the function Z; = AX;+(1 - AM)Z; _;, where X is the
actual near-infrared spectroscopy value at time point
I, and Z; is the exponentially weighted average at this
point. Z is the mean of the first 75 recorded values.
A is the weight given to the most recent measurement.
The choice of A is largely arbitrary and in this case a
value was chosen such that weighting of an indivi-
dual measurement had a half-life of 20 minutes: this
is similar to the plasma half-life of lactate in healthy
adults.® The analysis was repeated with raw near-
infrared spectroscopy data and values averaged over
shorter and longer periods to identify the effect of
such smoothing. Correlation between lactate and
near-infrared spectroscopy values was used to explore
any association.

The value represented by near-infrared spectro-
scopy reflects both venous and arterial oxygen
saturation within the tissue. Values will be lower in
patients with lower arterial saturation despite
equivalent oxygenation of the tissue; higher blood
flow, for example, compensating for low oxygen
content. Oxygenation of the tissues may be better
represented by values calculated from regional, or
venous, saturation and arterial saturation — measured
by co-oximetry. Further analysis was undertaken for

association between lactate and such values: “arterial-
regional saturation difference” (SaO, near-infrared
spectroscopy); “regional venous saturation” and
“oxygen excess” — arterial saturation divided by
arterial-venous saturation difference.” “Regional
venous saturation” is intended to represent the oxy-
gen saturation of the venous blood within the tissue.
This requires an assumption as to the ratio of venous
and arterial blood within the tissue — often taken as
70% venous and 30% arterial; such assumptions have
been prev{ously used in the calibration of tissue
oximeters.

Ethical approval was obtained by Liverpool East
NHS research ethics committee (12/N'W/0192) and
the hospital research department approved this study.
Written parental consent was obtained for this study.

Results

A total of 10 infants were recruited to this pilot study
over 7 months in 2012, five with biventricular repairs
and five with single-ventricle physiology undergoing
palliation (Table 1). Only one set of parents declined
consent. There were four serious adverse events in
our study: one cardiopulmonary arrest and chest
re-exploration, leading to clipping of the Sano
shunt, one cardiac tamponade — that was electively
re-opened in the paediatric intensive care unit — one
infant treated for suspected necrotising enterocolitis,
and one child with acute kidney injury required
peritoneal dialysis for 48 hours (Table 1). In all, six of
the central venous lines were placed in the femoral
vein and four placed in the jugular vein; the details
are presented in the Table 1.

From the child’s baseline cerebral near-infrared
spectroscopy value post-operatively (Time point 1),
on average there was a significant increase in cerebral
near-infrared spectroscopy — when all infants were
combined — over the 24 hour period (p = 0.02).
However, in the single-ventricle infants the cerebral
near-infrared spectroscopy remained essentially
unchanged for the first 24 hours, compared with the
biventricular infants where the rise in cerebral near-
infrared spectroscopy was very marked (Figs 1 and 2).
In the infant who suffered a cardiopulmonary arrest,
cerebral near-infrared spectroscopy did give an indi-
cation of deterioration with a consistently reducing
value — a 27.4% reduction from baseline — over 43
minutes until event (Fig 3). The value of somatic
near-infrared spectroscopy was highly variable in our
sample. Somatic near-infrared spectroscopy did not
predict or differentiate abdominal adverse events.

When all data points were considered, there was
no strong correlation between cerebral near-infrared
spectroscopy and mixed venous oxygen saturation
(r = 0.48). At individual time points, the correlation



Table 1. Patient details.

Length of Length of Length of

invasive

Central line site

Outcome

hospital stay

(days)

intensive care unit
stay (days)

and tip position (in
jugular line)

Weight
(kg)

Age

at 30 days

ventilation (days)

Adverse events

Surgery

(days)

Gender

Alive at home

1.5

None Jugular tip in superior

Aortic arch repair

3.74

21

Male

vena cava

10 Alive at home

19

3.5

Femoral
Jugular tip in right

None

Arterial switch operation

3.6
3.09

Male

Alive at home

4

None

Arterial switch operation

9

Female

atrium
Femoral

Alive at home

14
10

None

Aortic arch repair

3.8
3.8

Male

Alive but in hospital with

Femoral

None

Pulmonary artery band (Flow Watch™) and

Male

respiratory infection

Alive at home

coarctation of aorta repair (single ventricle)
Conventional pulmonary artery band (single

18

2.5

Femoral

Suspected necrotising

16 2.4

Male

enterocolitis
Cardiac tamponade

ventricle)
Conventional pulmonary artery band and aortic

Ventilated, treatment

30 30

30

Femoral

3.54

40

Female

withdrawn on day 40

Alive at home

arch repair (single ventricle)

Norwood-Sano

25

Jugular tip at cavo-atrial 4

, chest
re-opened and Sano shunt

clipped. Peritoneal dialysis

required.

Cardiopulmonary arrest
None

2.9

4

Female

junction
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Alive at home

2

Jugular tip in superior

Arterial switch operation

10

Female

vena cava
Femoral

Alive at home

29

None

Norwood-Sano

3.4

6

Female
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Figure 1.
Cerebral near-infrared spectroscopy over 24 hours in single-ventricle
infants (n = 5).
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Figure 2.
Cerebral near-infrared spectroscopy over 24 hours in biventricular
infants (n = 5).

was only strong (r = 0.74) 1 hour after admission.
The correlation was stronger for the biventricular
patients (r = 0.68) than single-ventricle infants
(r =0.31). A strong inverse correlation could be
demonstrated between cerebral near-infrared spectro-
scopy and serum lactate at 3 of the 5 post-operative time
points (1, 4, and 12 hours: r =-0.76, -0.72, and
-0.69). The opportunistic analysis allowed comparison
of cerebral near-infrared spectroscopy and serum lactate
at 110 data points. The inverse correlation between
(averaged) cerebral near-infrared spectroscopy and
serum lactate was confirmed (r = - 0.72). The correla-
tion was stronger when the cerebral near-infrared spec-
troscopy was < 60% (n = 46) than when it was 60%
or higher (n = 64). For cerebral near-infrared spectro-
scopy < 60%, the inverse correlation with lactate was
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Figure 3.
Near-infrared spectroscopy trend over time before cardiopulmonary arvest in a Norwood Sano. CPA = cardiopulmonary arrest
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Figure 4. Averaged Somatic NIRS %

Relationship between averaged cerebral near-infraved spectroscopy
and lactate. The single ventrical group is represented by grey
diamonds, the biventricular group by white squres. The two
regression lines represent cerebral near-infrarved spectroscopy values
above and below 60%. A stronger corvelation was identified when
the average cerebral NIRS values were below 60%.

strong (r =-0.82) compared with those cerebral
near-infrared spectroscopy >60%, which was not
(r =-0.50) (Fig 4). No correlations could be demon-
strated between (average) somatic near-infrared spec-

troscopy and serum lactate (r =-0.13, n = 110)
(Fig 5) or mixed venous oxygen saturation and serum
lactate (t = - 0.11, n = 43). These correlations were not

improved by considering only the lower near-infrared

Figure 5.

Relationship between averaged somatic near-infraved spectroscopy
and lactate. The single ventrical group is represented by grey
diamonds, the biventricular group by white squres. The regression
line represents sNIRS.

spectroscopy values. The lack of relationship between
mixed venous oxygen saturation and serum lactate
was not affected by the position of the central line
(r = 0.40, n = 15 jugular lines, r =-0.22, n = 28
femoral lines).

Values calculated from a combination of regional
saturation or venous saturation with arterial satura-
tion were also examined. The ranges for these values
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were surprisingly wide (Table 2) and included values
that would not be plausible physiologically. Corre-
lation to lactate was not improved compared with
uncorrected regional oxygenation. The exception was
that the correlation of “oxygen excess” calculated
from central venous saturation correlated better — but
weakly — with lactate concentration than central
venous saturation alone (r =- 0.46). Individual
values for oxygen excess, however, were clearly
misleading, including negative and implausibly large
values.

Discussion

In a small sample of 10 infants undergoing cardiac
surgery, we have described how cerebral and somatic
near-infrared spectroscopy changed from baseline
in the first 24 hours. We have found that cerebral near-
infrared spectroscopy was related to mixed venous
oxygen saturation — in the biventricular infants — and
serum lactate in all patients, but somatic near-infrared
spectroscopy was not correlated to either of these.

We did not see a reduction in cerebral near-infrared
spectroscopy by 30-40% in the arterial switch bables
in the 24 hours after surgery, as reported by others."
A retrospective review after Norwood surgery found
the mean cerebral near-infrared spectroscopy at 1 and
4 hours was 51 £7.5% and 50 +9.4%, respectively.*
The two infants in our study who underwent Norwood
Sano operations had similar cerebral near-infrared spec-
troscopy to this at 1 hour (45% and 41%) and 4 hours
(44% and S57%). The first patient suffered an early
cardiopulmonary arrest, whereas the second patient
suffered no adverse events and was discharged home
after 29 days.

We have shown how in one case post-operative cere-
bral near-infrared spectroscopy monitoring predicted
impeding cardiopulmonary arrest with a decline by
27% from baseline over 43 minutes. Although few
would recommend it be used as a stand-alone para-
meter, used in conjunction with other clinical para-
meters, it showed deterioration earlier, particularly if
only intermittent sampling of mixed venous oxygen
saturations are undertaken. This finding is supported
by other case studies'>'* and is probably the most
useful aspect of this monitoring.

The relationship between cerebral near-infrared
spectroscopy and serum lactate is of interest and has
been prev10usly noted in children after biventricular
repair.'® Despite the small numbers, this relationship
appears to be robust at least for patients with lower
near-infrared spectroscopy values: though the impact
of unrecognised confounding factors, especially on
the opportunistic analysis, cannot be discounted.
Increased levels of lactate has previously been linked
to poor outcome in paediatric intensive care

patients15 and children after heart surgerylé and is
widely measured clinically.

In children with cyanotic heart disease — and sig-
nificant arterial hypoxaemia — lower “regional”
saturations are to be expected despite adequate tissue
perfusion; this is confirmed by our data. We exam-
ined a number of methods to reconcile this; however,
results of this were disappointing. We would hypo-
thesise that errors in both clinical measurements
(regional/venous saturations and arterial saturations)
and in the presumption of the ratio of venous and
arterial blood are magnified by such calculations. A
more pragmatic approach is to set lower limits of
“acceptability” for cyanotic children.

The lack of a relationship between somatic near-
infrared spectroscopy or mixed venous oxygen
saturation and lactate is disappointing. The poor
performance of somatic near-infrared spectroscopy
may be related to the variability in probe position. A
more rigorous approach to this with use of ultrasound
and placement over the liver — a large relatively
immobile and homogeneous organ — may have
improved performance. In children, following Nor-
wood procedures, a relationship has been shown
between acid base parameters and venous satura-
tions."” However, a relationship between venous
saturation and lactate (in critically ill patlents) has
not been consistently shown in previous studies.' ™
In this study, variability in the position of the central
line tip and use of both femoral lines and jugular lines
may have added to our failure to demonstrate a useful
relationship. The results here may be due to the small
number of samples and the influence of a few outliers.
A lack of correlation may also have been due to
variability in line position: both femoral versus
jugular and a position of the line tip in the inferior
and superior vena cava, respectively, which we
assume would have different venous saturations
values.

We have shown how cerebral and somatic near-
infrared spectroscopy varies in biventricular com-
pared with univentricular infants, with lower mean
values in the univentricular group, although both
groups see an improvement over the 24 hour
period (Graphs 1, 2). Previous studies have either
studied Norwood and Norwood Sano infants
e)<c1usively',4’5’9’21_23 excluded the single-ventricle
infants and only studied biventricular repairs,' ">
studied a mixture of children post- operatwely, 2431
or examined only somatic or renal oximetry,”> > but
none have examined or presented a comparison of the
two groups separately in a prospective study.

As this was a pilot study with a sample of 10
infants, the statistical analyses were limited. How-
ever, the intention of the pilot study was to determine
some feasibility of benefit of the monitoring, refine



oxygen excess”

venous

«

Central

Central venous
to arterial
saturation
difference (%)

Cerebral
oxygen excess”

arterial saturation regional

difference (%)

104

«

Cerebral
regional to
104

saturation” (%)**

Somatic
regional
“venous

102

“venous
saturation” (%)**

Cerebral
regional
104

oxygenation

regional
(%)*

Somatic
105

Cerebral
regional
oxygenation (%)*

105

Central
venous
saturation (%)
43

Lactate
(mmol/L)

110

Table 2. Correlation between measured and calculated values of oxygenation and lactate.

Number

Tume and Arnold: Near-infrared spectroscopy after high-risk heart surgery 7

x the data collection methods, and determine parental
S consent rates as recommended before larger scale trial
< 7 ..
S g 2 work.” There were few adverse events that further limi-
=} i ] . . .
Led¥ g . ted our analysis. The mixture of our use of internal
ST § g jugular and femoral central may have affected our
2 < N .
g E mixed venous oxygen saturation values. However, tak-
= 2 y >
=] < . . 5 .
% % ing samples from the child’s central line as a surrogate
=3 . . .
° ‘l’f g for true mixed venous oxygen saturations is standard
27¢ g z practice in UK paediatric intensive care units and pul-
Iy q .= < . . . .
s S uou X
aree g 5 monary artery lines or continuous oximetric catheters
g g are seldom used. Despite these limitations, this pros-
g g T pective pilot study has demonstrated the potential
=] < 1 .1 . . . .

- = E usefulness and feasibility of this monitoring, in a cost-
s} K —_ . . . . . . .
- i‘g S E g constrained UK cardiac paediatric intensive care unit

P o . . .
RN Rt ° that warrants further exploration in a larger trial.
g 8
1o =
£y 8
£ S g C lusi
5= g onclusions
< O
o v 2 4 .
L8T &7 g Our study shows that cerebral near-infrared spectroscopy
~S = o . . . .
a-=S |2 g > may be beneficial as a non-invasive and continuousl
g g —
B < . M
2 g g displayed parameter and may be valuable to use in
i $ S selected “high-risk” patients, even in a cost-constrained
< B & healthcare service. Intra-operatively, cerebral near-
- 17} . . . . .
=2 |gg g infrared spectroscopy is widely used in the United
[ 5 3 . . : . .
evg2|s § 5 Kingdom during high-risk cardiac surgery, and thus
g o .
T8 8% the cost of the consumable probe is negated and
® L EE
= = . . .
£% ERES can be left in situ from the surgery. We remain
3 23 uncertain about the value of somatic near-infrared
3 5 < | . . .
ks - y spectroscopy, though greater consistency in somatic
TTIEE ¢e near-infrared spectroscopy might be gained by more

T ags e 5% precise placement. For any new monitoring para-
- meter to improve outcomes or prevent adverse events,
=] ‘o . . .

L P E the intensive care team need to be cognizant of
= 3 . . ..
g 3 £33 near-infrared spectroscopy and its limitations. In the
eaZlzs <2 future, it may be useful to develop and test a near-
e 2 . . ‘

S s g g infrared spectroscopy guided algorithm (to be used
Ps 2% in conjunction with other clinical monitoring
=) § R parameters) for the management of post-operative
= s+ . . . . . . .
£§ —2& high-risk univentricular and biventricular infants.

o~ S 3 E=lae]
Sex|laE 23
[ I aNe) I~
o= o AR < >
[ZJE) (=R}
S Pg Acknowledgements
o S 1
2z S g
g 4o f None.
O~ — ]
2288 g3 Fi al
=] (=} = =
2895 i3 58 inancial Support
— )
= . . . .
N E 2 Intravent Direct Ltd (the UK distributor of Nonin
c 9 . . . .
= ¢ §_§ Medical at the time of this study) provided the
— [ . .
5= g < ¥ gz Equanox near-infrared spectroscopy device on loan for
QR & L = .

BN EE o8 the study duration, 10 Advanced Neonatal Sensors

g E-E3 .
g 28T 2. for this study, and the software to enable data
3] 2 - .
-l -l S35y & download. The cost of the adult sensors was provided
92 o
§ r ERSCER-E by the Research & Development department of Alder
K = g U= . N .
TE|E § = 288 Hey Children’s NHS Foundation Trust. Alder Hey
=R QX .S . . 1
fugi|E £3% = g charitable funds paid for some research nurse time for
S2ES P <93 the study.



8

Cardiology in the Young

Conflicts of Interest

None.

Ethical Standards

The authors assert that all procedures contributing
to this work comply with the ethical standards of the
National Health Service and with the Helsinki
Declaration of 1975, as revised in 2008, and has been
approved by the institutional committee NRES
Committee North West — Liverpool East (No. 12/
NW/0192) and the Alder Hey NHS FT, Research
and Development Department (No. 12/10/RE).

References

1.

10.

11.

12.

13.

Durandy Y, Rubatti M, Couturier R. Near infrared spectroscopy
during pediatric cardiac surgery: errors and pitfalls. Perfusion
2011; 26: 441-446.

Ghanayem N, Mitchell M, Tweddell J, Hoffman G. Monitoring
the brain before, during and after cardiac surgery to improve
long-term neurodevelopmental outcomes. Cardiol Young 2006; 16:
$103-5109.

Booth E, Dukatz C, Ausman J, Wider M. Cerebral and somatic
venous oximetry in adults and infants. Surg Neurol Int 2010;
1:75.

Phelps H, Mahle W, Kim D, et al. Postoperative cerebral oxygenation
in hypoplastic left heart syndrome after the Norwood procedure. Ann
Thorac Surg 2009; 87: 1490.

Hoffman G, Brosig C, Mussatto K, Tweddell J, Ghanayem N.
Perioperative cerebral oxygen saturation in neonates with
hypoplastic left heart syndrome and childhood neurodevelop-
mental outcome. J Thorac Cardiovasc Surg 2013; 146:
1153-1164.

Hirsch J, Charpie J, Ohye R, Gurney J. Near-infrared spectroscopy:
what we know and what we need to know — a systematic review of
the congenital heart disease literature. J Thorac Cardiovasc Surg
2009; 137: 154-159.

Arnold D, Burns C, Adhikari N, Kho M, Meade M, Cook D. The
design and interpretation of pilot trials in clinical research in
critical care. Crit Care Med 2009; 37: S69-S74.

Plowman S, Smith D. Exercise Physiology for Health, Fitness
and Performance, 2nd edn. Lippincott, Williams and Wilkins,
Baltimore, USA, 2008: 156.

Li J, Zhang G, Holtby HM, et al. Inclusion of oxygen consumption
improves the accuracy of arterial and venous oxygen saturation
interpretation after the Norwood procedure. J Thorac Cardiovasc
Surg 2006; 131: 1099-1107.

Chakravarti S, Mittnacht A, Katz J, Nguyen K, Joashi U, Srivastava S.
Multisite near-infrared spectroscopy predicts elevated blood lactate
level in children after cardiac surgery. J Cardiothorac Vasc Anesth
2009; 23: 663-667.

MacLeod DB, Ikeda K, Keifer J, Moretti E. Validation of the CAS
adult cerebral oximeter during hypoxia in healthy volunteers.
Anesth Analg, 102S: S-162.

Toet M, Flinterman A, van der Laar 1. Cerebral oxygen saturation
and electrical brain activity before, during and up to 36 hours after
arterial switch procedure in neonates without pre-existing brain
damage: its relationship to neurodevelopmental outcome. Exp
Brain Res 2005; 165: 343-350.

Kane J. Near-infrared spectroscopy monitors: a novel tool for
patient safety in the intensive care unit. J Patient Safety 2009; 5:
29-31.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

2014

Maher K, Phelps H, Krishbom P. Near infrared spectroscopy
changes with pericardial tamponade. Ped Crit Care Med 2009; 10:
el3—el5.

Morris K, McShane P, Stickley J, Parslow R. The relation-
ship between blood lactate concentration, the Pediatric Index
of Mortality 2 (PIM2) and mortality in pediatric intensive care.
Intensive Care Medicine 2012; 38: 2042—-2046.

Basaran M, Sever K, Kafali E, et al. Serum lactate level has prog-
nostic significance after pediatric cardiac surgery. J Cardiothorac
Vasc Anesth 2006; 20: 43—47.

Hoffman G, Ghanayem N, Kampine J. Venous saturation and the
anaerobic threshold in neonates after the Norwood procedure
for hypoplastic left heart syndrome. Ann Thorac Surg 2000; 70:
1515-1521.

Kasnitz P, Druger G, Yorra F, Simmons D. Mixed venous oxygen
tension and hyperlactataemia: survival in severe cardiopulmonary
disease. JAMA 1976; 236: 570-574.

Rashkin M, Bosken C, Baughman R. Oxygen delivery in critically
ill patients — relationship to blood lactate and survival. Chest 1985;
87: 580-584.

Meastiz M, Rackow E, Kaufman B. Relationship of oxygen delivery
and mixed venous oxygen saturation to lactic acidosis in patients
with sepsis and acute myocardial infarction. Critical Care Med
1988; 16: 655-659.

Li J, Zhang G, Holtby H, et al. The influence of systemic hemo-
dynamics and oxygen transport on cerebral oxygen saturation in
neonates after the Norwood procedure. J Thorac Cardiovasc Surg
2008; 135: 83-90.

Hoffman G, Stuth E, Jacquiss R, et al. Changes in cerebral
and somatic oxygenation during stage 1 palliation of hypoplastic
left heart syndrome using continuous regional cerebral perfusion.
J Thorac Cardiovasc Surg 2004; 127: 223-233.

Johnson B, Hoffman G, Tweddell J, et al. Near-infrared spectro-
scopy in neonates before palliation of hypoplastic left heart
syndrome. Ann Thorac Surg. 2009; 87: 571-579.
Dodge-Khatami J, Gottschalk U, Eulenburg C, et al. Prognostic value
of perioperative near-infrared spectroscopy during neonatal and infant
congenital heart surgery for adverse in-hospital clinical events. World J
Pediatr Congenit Heart Surg 2012; 3: 221-228.

Hovarth R, Shore S, Schultz S, Rosenkranz E, Cousins M, Ricci M.
Cerebral and somatic oxygen saturation decrease after delayed
sternal closure in children after cardiac surgery. J Thoracic
Cardiovascular Surgery 2010; 139: 894-900.

Marimén GA, Dockery WK, Sheridan MJ, Agarwal S. Near-
infrared spectroscopy cerebral and somatic (renal) oxygen saturation
correlation to continuous venous oxygen saturation via intravenous
oximetry catheter. J Crit Care 2012; 27: 314.e13-314.e18.
McQuillen P, Nishimoto M, Bottrell C, et al. Regional and central
venous oxygen saturation monitoring following pediatric cardiac
surgery: concordance and association with clinical variables. Pediatr
Crit Care Med 2007; 8: 154-160.

Moreno G, Pildin M, Manara C, et al. Regional venous oxygen
saturation versus mixed venous saturation after paediatric cardiac
surgery. Acta Anaesthesiol Scand 2013; 57: 373-379.

Ricci Z, Garisto C, Favia I, et al. Cerebral NIRS as a marker of
superior vena cava oxygen saturation in neonates with congenital
heart disease. Paediatr Anaesth 2010; 20: 1040-1045.

Tortoriello T, Stayer S, Mott A, et al. A noninvasive estima-
tion using near-infrared spectroscopy by cerebral oximetry in
pediatric cardiac surgery patients. Pediatr Anesth 2005; 15:
495-503.

Zulueta J, Vida V, Perisinotto E, et al. The 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.

Bhalala U, Nishisaki A, McQueen D, et al. Change in regional
(somatic) near-infrared spectroscopy is not a useful indicator of



33.

34.

Tume and Arnold: Near-infrared spectroscopy after high-risk heart surgery 9

clinically detectable low cardiac output in children after surgery
for congenital heart defects. Pediatr Crit Care Med 2012; 13:
529-534.

Colasacco C, Worthen M, Peterson B, Lamberti J, Spear R.
Near-infrared spectroscopy monitoring to predict postoperative
renal insufficiency following repair of congenital heart disease.
World J Pediatr Congenit Heart Surg 2011; 2: 536-540.

Hazle M, Gajarski R, Aiyagari R, et al. Urinary biomarkers and renal
near-infrared spectroscopy predict intensive care unit outcomes after
cardiac surgery in infants younger than 6 months of age. J Thorac
Cardiovasc Surg 2013; 146: 861-867..el.

35.

36.

37.

Kaufman J, Almodovar M, Zuk J, Friesen R. Correlation of
abdominal site near-infrared spectroscopy with gastric tonometry in
infants following surgery for congenital heart disease. Pediatr Crit
Care Med 2008; 9: 62—68.

Owens G, King K, Gurney J, Charpie J. Low renal oximetry
correlates with acute kidney injury after infant heart surgery.
Pediatr Cardiol 2011; 32: 183-188.

Schultz G, Weiss M, Bauersfeld U. Liver tissue oxygenation as
measured by near-infrared spectroscopy in the critically ill child in
correlation with central venous oxygen saturation. Intensive Care
Med 2002; 28: 184-189.



	Outline placeholder
	Materials and methods
	Results
	Table 1Patient details.
	Figure 1Cerebral near-infrared spectroscopy over 24 hours in single-ventricle infants (n��&#x003D;��5).
	Figure 2Cerebral near-infrared spectroscopy over 24 hours in biventricular infants (n��&#x003D;��5).
	Figure 3Near-infrared spectroscopy trend over time before cardiopulmonary arrest in a Norwood�Sano.
	Figure 4Relationship between averaged cerebral near-infrared spectroscopy and lactate.
	Figure 5Relationship between averaged somatic near-infrared spectroscopy and lactate.
	Discussion
	Conclusions
	Acknowledgements
	ACKNOWLEDGEMENTS
	Table 2Correlation between measured and calculated values of oxygenation and lactate.


