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The goal of perioperativemonitoring is to aid the clinician in optimizing care to achieve the best
possible survival with the lowest possible morbidity. Ideally, we would like to have monitoring
that can rapidly and accurately identify perturbations in circulatory well-being that would
permit timely intervention and allow for restoration before the patient is damaged. The
evidence to support the use of our standard monitoring strategies (continuous electro-
cardiography, bloodpressure, central venouspressure, oxygensaturationandcapnography) is
based on expert opinion, case series, or at best observational studies.While thesemonitoring
parameters will identify life-threatening events, they provide no direct information concerning
the oxygen economyof the patient. Nevertheless, they aremandated by professional societies
representing specialists in cardiac disease, critical care, and anesthesiology. Additional non-
routine monitoring strategies that provide data concerning the body’s oxygen economy, such
as venous saturation monitoring and near infrared spectroscopy, have shown promise in
prospective observational studies inmanaging these complex groups of patients. Ideally, high-
level evidencewould be requiredbefore adopting thesenewer strategies, but in the absenceof
new funding sources and the challenges of the wide variation in practice patterns between
centers, this seems unlikely. The evidence supporting the current standard perioperative
monitoring strategies will be reviewed. In addition, evidence supporting non-routine monitor-
ing strategies will be reviewed and their potential for added benefit assessed.
Semin Thorac Cardiovasc Surg Pediatr Card Surg Ann 17:81-90C 2014 Elsevier Inc. All rights
reserved.
The Challenges of Postoperative
Monitoring

The primary perioperative management goal in patients
with congenital heart disease is to assure adequate oxygen

delivery to all vital organs during vulnerable periods, thereby
minimizingmorbidity andmortality, which are directly related
to the severity of oxygen deficit.1 In addition to findings on
physical examination, parameters derived from electronic
monitoring have become the major quantitative and para-
metric descriptors of patient state. Standard and routinely
monitored parameters include continuous electrocardiography
(ECG), invasive arterial blood pressure, central venous
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pressure, and pulse oximetry with continuous capnography
in intubated patients.2–4 Because none of these parameters
individually or collectively quantifies oxygen delivery or its
adequacy, it is only the clinician’s ability to interpret these
parameters that permits identification of inadequate oxygen
delivery before hypoxic-ischemic organ dysfunction occurs.
However, the clinician’s ability to quantify cardiac output
appears to be poor. In a study by Tibby et al,5 27 clinicians
were asked to estimate the cardiac output of 36 intubated
pediatric patients with two-ventricle, in-series anatomy and
physiology. Despite thorough examination of the subjects, use
of standard monitoring parameters, and access to all available
laboratory data, the experienced pediatric clinicians were not
able to accurately estimate cardiac output. Certainly the clinical
estimate of cardiac output is even more challenging in single
ventricle patients with parallel circulation. When conventional
hemodynamic monitoring was compared with estimates of
global oxygen economy using venous saturation measured
from the superior vena cava there was complete lack of
relationship, indicating that inferences about oxygen economy
from blood pressure are without basis in this population.6

Additional challenges with standard perioperative monitor-
ing include identifying limits of acceptable values and that
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deviation outside these values result in bedside alarms. In one
study that evaluated 298 hours ofmonitoring there were 2,942
alarms, of which 86% were false-positives and 6% were
clinically irrelevant true alarms. Only 8% were associated with
clinically significant events, and only 18% of these led to
intervention.7With a specificity for patient condition requiring
intervention of less than 10%, typical parameter limits lead to
alarm fatigue and may interfere with more helpful patient
assessment. As an example, blood pressure targets during
anesthesia and critical care have been defined empirically from
population data, but there is wide disagreement between
clinicians about what degree of hypotension is significant.8,9

Although hypotension is common, the incidence of hypoten-
sion is highly dependent on the definition and reporting is
related to the occurrence of complications.10–12 There is little
evidence that moderate hypotension is harmful and a lower
safe limit could not be determined, except in the extreme.13,14

Ideally, monitoring should be timely in identifying pertur-
bations in circulatory well-being with precision and allow for
effective therapy. Furthermore, to demonstrate the utility of a
monitoring strategy there must be effective treatments that can
be uniformly applied. Practice patterns vary widely between
centers and consensus on effective treatment of low cardiac
output has not been reached. In this review we will examine
the evidence that supports the use of standard cardiac intensive
care monitoring. In addition, we will review newer monitoring
strategies and the evidence that supports their use.
Standard Intensive Care Unit
Monitoring
Electrocardiography
The minute electrical forces generated by the heart’s depola-
rization and repolarization can be detected on the skin’s
surface, amplified and displayed. This was first accomplished
by Einthoven in 1895 and for this work he was awarded the
Nobel Prize in 1924.15 ECGmeasures the heart rate, is essential
for identifying arrhythmias, and can be used to detect
myocardial ischemia.16 The utility of continuous ECG mon-
itoring is supported by case series and observational stud-
ies.2,17–19 Nonetheless, continuous ECG monitoring has been
a routine part of care of the critically ill adult patient since the
1970s and was adopted in pediatric intensive care units in the
1980s. It is considered standard of care for all anesthetics and is
a basic intensive care unit monitor. As a consequence, future
studies on the utility of ECG monitoring are unlikely.18

Parameters derived from ECG signals, such as entropy or
spectral characteristics of heart rate variability, have been
reported to identify dangerous patient conditions and are areas
of ongoing research; however, these parameters require
significant signal processing routines that are not yet stand-
ard.20–22
Figure 1 Data from the Children’s Hospital of Wisconsin hypoplastic
left heart syndrome stage 1 perioperative database comparing mean
arterial blood pressure and arteriovenous oxygen content difference.
Just under 10,000 hours of data are shown. There is no correlation
between blood pressure and cardiac output.
Arterial Blood Pressure
Arterial blood pressure is a measure of the force that is
responsible for the work of the circulatory system. Blood
pressure is a function of the cardiac output and the systemic
vascular resistance described by Ohms Law (Mean arterial
blood pressure ¼ cardiac output � systemic vascular resist-
ance). Guidelines require that arterial blood pressure must be
monitored during all anesthetics, in the intensive care unit, and
for primary health maintenance.4,23 The most common
method of noninvasive blood pressure measurement uses of
a sphygmomanometer and stethoscope andwas first described
by Nikolai Korotkoff in 1905.24 Automated noninvasive
methods rely on oscillometry (Dinamap [Device for Indirect
Non InvasiveMeasurement of Blood Pressure]; GEHealthcare,
Waukesha, WI).25,26 Invasive blood pressure monitoring is
indicated in critically ill patients on vasoactive infusions and
when blood pressure cannot be measured reliably using
noninvasive methods, such as during cardiac surgery using
cardiopulmonary bypass. Although observational studies link
blood pressure and cardiovascular events, blood pressure does
not provide direct information concerning cardiac output
(Fig. 1).2,19,27–31 While invasive arterial blood pressure mon-
itoringwill continue to be amainstay of postoperativemanage-
ment, future studies on parameters derived from blood
pressuremeasurement show promise. For example, significant
evidence points to the utility of quantification of respiratory
variation in blood pressure or plethysmographic pulse ampli-
tude as an indication of preload responsiveness.32–36
Central Venous Pressure
For neonates with congenital heart disease, umbilical venous
cannulation provides a safe and easy way to access the central
venous system. For other individuals undergoing cardiac
surgery, central venous access is commonly placed for the
perioperative period using the subclavian, internal jugular, and
femoral venous approach. Most central venous lines have
multiple lumens that allow simultaneous drug infusion and
pressure measurement. Central venous pressure measurement
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is helpful in intravascular volume assessment.37 It is a surrogate
for ventricular preload, although this relationship varies
because of predictable changes in ventricular compliance that
are commonplace following cardiac surgery.38 Careful assess-
ment of the central venous waveform may be helpful in
identifying arrhythmias, especially a loss of atrioventricular
synchrony because the characteristic A and V waves will be
absent and replaced with cannon A waves.2,39 Central venous
access is also useful when peripheral venous access is difficult
to obtain and when frequent blood sampling is necessary.
Irritating drugs, such as vasoactive drugs and total parenteral
nutrition, are commonly given through a central line both for
reliability of delivery and because they can cause tissue injury
through extravasation if infused through a peripheral intra-
venous line. There is little direct evidence supporting the use of
central venous monitoring. Nevertheless, given the cumulative
experience, ease, and relative safety of multi-lumen central line
placement, it seems unlikely this will be an area of study in the
future.2,40–43
Left Atrial Line
Left atrial lines are placed intraoperatively. They require
removal in the postoperative period and carry a risk of bleeding
with cardiac tamponade.44 Left atrial pressure is used as a
surrogate for left ventricular preload. The relationship between
left atrial pressure and left ventricular preload varies with
changes in left ventricular compliance.2 Left ventricular com-
pliance predictably decreases in the early postoperative period
and an increasing left atrial pressure may be necessary to
maintain the same left ventricular preload. In adult cardiac
surgery the balloon-directed pulmonary artery catheter can
provide information concerning left atrial pressure.37,45 The
catheter can be advanced with the balloon inflated until it is
wedged. At this point the pressure measured reflects the left
atrial pressure. Balloon directed pulmonary artery catheters are
rarely used in children.
Measurement of left atrial pressure in addition to central

venous pressuremay be beneficial in caseswhen a difference in
right- and left-sided function, compliance, or atrioventricular
valve function are anticipated. Left atrial lines are commonly
used after staged single ventricle palliation, two ventricle
repairs in patients with hypoplasia of either ventricle, repair
of Ebstein’s anomaly, andmitral valve repair. Left atrial line use
is highly variable between centers. The level of evidence
supporting the utility of central lines includes case reports
and observational studies.37 Whether the risk–benefit ratio
favors left atrial line use following satisfactory cardiac repair as
assessed by transesophageal echocardiography is an unan-
swered question.
Figure 2 Comparison of arterial oxygen saturation as measured with
pulse oximeter (SpO2) and Co-oximeter (SaO2). Pulse oximetry has a
tendency to overestimate oxygen saturation that becomes more
important with worsening cyanosis. (Reprinted from the Journal of
Cardiothoracic and Vascular Anesthesia, Vol 7, Schmitt HJ, Schuetz
WH, Proeschel PA, Jaklin C, Accuracy of pulse oximetry in children
with cyanotic congenital heart disease; pp 61-65, 1993, with
permission from Elsevier.48)
Pulse Oximetry
Pulse oximetry uses a combination of two technologies:
spectrophotometry, whereby saturation of hemoglobin with
oxygen is estimated; and optical plethysmography, which
focuses the measurement on pulsatile arterial blood flow.
Despite a lack of prospective randomized studies showing
benefit, pulse oximetry was recommended as a standard of
anesthesia care as early as 1986.46 In children, pulse oximetry
came into widespread use following a single blinded study of
152 children with non-cardiac diagnoses undergoing sur-
gery.47 The subjects were divided into two groups of 76
participants each; in one group the oximetry data was
immediately available to care providers and in the other the
data was blinded to the care providers except when arterial
saturation waso85%. Availability of the pulse oximetry data
increased the identification of hypoxic events and these events
were identified before clinical signs of bradycardia and visible
cyanosis developed. Younger patients undergoing more com-
plex procedures were at greater risk for hypoxic events. Pulse
oximetry became standard of care in the pediatric cardiac
intensive care unit by 1990. There are important sources of
error for pulse oximetry, which include: movement, decreased
cardiac output, dyshemoglobinemia, tissue pigment, temper-
ature, probe site, and artificial light. In addition, compared
with measured arterial saturation, pulse oximetry tends to
overestimate the arterial saturation as the arterial saturation
decreases (Fig. 2).48 Pulse oximetry reduces the number of
arterial blood gas samples taken, results in a shorter duration of
weaning of supplemental oxygen, and has virtually eliminated
unrecognized arterial hypoxemia. Pulse oximetry combined
with strategies to detect, avoid, and manage critical respiratory
events has greatly reduced the incidence of perioperative injury
caused by arterial hypoxemia.47,49–55 Worldwide, there is a
gap in application even of pulse oximetry, and the World
Health Organization has made universal pulse oximetry a
world initiative.56–58 There are, however, no data showing a
reduction of the duration of mechanical ventilation, lower
morbidity, or improved survival.2,19,59Nonetheless, the cumu-
lative multi-center experience of the benefit of continuous
display of arterial saturation, particularly in cyanotic patients,
as well as the comfort and experience with pulse oximetry and
its adoption as standard of care make additional studies
unlikely.



Table 1 Methods to measure cardiac output

Fick method
Indicator dilution

Dye dilution
Thermodilution
Lithium indicator dilution

Continuous waveform analysis
Electrical impedance cardiography
Doppler ultrasound
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Capnography
Capnography is the time-based display of the concentration or
partial pressure of carbon dioxide (CO2) in exhaled gas.
Capnography is used to confirm endotracheal tube placement,
identify endotracheal tube displacement, airway obstruction,
apnea and as an indicator of perfusion, especially during
resuscitation.2,19,60,61 In the absence of significant right-to-left
shunt or dead-space, the end-tidal pCO2 is a good predictor of
PaCO2 and can therefore be used to aid in the management of
mechanical ventilation, particularly weaning from mechanical
ventilation without the need for frequent blood gas analy-
sis.62,63 The end-tidal to arterial pCO2 gradient iswidenedwith
a reduction in pulmonary blood flow for such causes as low
cardiac output, obstruction to pulmonary blood flow, or a
pulmonary hypertensive crisis.64,65 Additionally, in patients
with right-to-left shunts, the arterial pCO2 will exceed the
pulmonary end-capillary pCO2 to a degree proportional to
venous admixture.63,66 During steady-state mechanical ven-
tilation in deeply sedated or paralyzed subjects, changes in
end-tidal pCO2 may reflect changes in CO2 production and is
an indirect measure of the metabolic state and oxygen
consumption.67 Guidelines require availability of CO2 mon-
itoring on ventilated patients and continuous capnography is
recommended.68–70
What do we Get From Standard Perioperative
Monitoring?
Standard perioperative monitoring mandated by multi-
institutional experience and multiple societal guidelines will
identify catastrophic changes such as life-threatening arrhyth-
mias, critical hypotension, loss of airway, and severe hypoxia
that will herald an arrest. Less dire deviations from acceptable
parameters can also be identified and effectively managed, but
current standardized monitoring does not provide useful
information concerning cardiac output and systemic oxygen
delivery. A period of decreased systemic oxygen delivery likely
precedes a substantial proportion of cardiac arrests.1,6 Main-
tenance of adequate oxygen delivery likely decreases the risk of
catastrophic events, mortality, and morbidity.71 Furthermore,
maintenance of systemic oxygen delivery likely helps to
optimize neurodevelopmental outcome.72
Monitoring Strategies That Are
not Routine
Monitoring Cardiac Output
Cardiac output is the volumepumpedby the heart in 1minute.
As early as 1959 cardiac output was measured using the Fick
principle in children following cardiac surgery.73 Cardiac
output measurement is a mainstay of postoperative manage-
ment of adult cardiac surgical patients but is more challenging
in pediatric patients, especially smaller patients with parallel
circulation. Methods of measuring cardiac output are listed in
Table 1. Cardiac output measurement requires invasive lines
and other special equipment, including skilled operators,
which are not commonly available in the pediatric cardiac
intensive care unit. In the case of the Fick method, invasive
lines are required for measurement of mixed venous oxygen
saturation and to be accurate the content of the oxygen in the
exhaled gas must be precisely measured. In the case of the
indicator dilution measurement, whether using thermodilu-
tion or dye dilution, specialized invasive catheters and equip-
ment are required to measure the indicator and calculate
output. Intracardiac shunting, which is common among
patients with congenital heart disease, further complicates
the accuracy of the indicator method. Direct measures of
cardiac output using Doppler techniques and bioimpedance
methods have been described but are heavily operator-
dependent and their accuracy is limited in pediatric
patients.74,75

Continuous waveform analysis is commonly used in adult
patients but has not been shown to be accurate in smaller
children.76 Cardiac output has been correlated with outcome
but has rarely been studied as a target of postoperative
management in pediatric patients. More typically, cardiac
output is used as an end-point to compare other management
strategies. Presently, the direct measurement of cardiac output
in children is invasive, and requires experienced operators and
specialized equipment, and while potentially beneficial in
some circumstances, cannot be recommended as part of
routine postoperative management.
Gastric Tonometry
During shock there is characteristic splanchnic vaso-
constriction. This splanchnic hypoperfusion results in
regional hypercapnea of the gut. The stomach is part of
the splanchnic circulation and the tissue pCO2 can be
indirectly measured by placing a nasogastric tube with a
gas permeable balloon.77 The gas in the balloon equili-
brates with the surrounding tissue and the pCO2 within
the balloon can be measured. Hypoperfusion occurs
when the gastric pCO2 is 8 mmHg or more than the
arterial pCO2. While the identification of a shock state
would appear to be of benefit in management, there is
little evidence that gastric tonometry is useful. Two
randomized trials in adult patients were inconclu-
sive.78,79 There are no randomized trials in pediatric
patients. Five prospective observational studies in pedia-
tric cardiac surgical patients yielded mixed results.80–83

There is presently insufficient cumulative data to recom-
mend the use of gastric tonometry.



Figure 3 Risk of complications according to postoperative superior
vena cava oxygen saturation (SvO2) assessed hourly for 48 hours. The
* indicates a significant difference from risk at lower SvO2 in time-
series regression. The legend identifies the risk of complications,
mortality, and ECMO. (Reprinted fromAnnals of Thoracic Surgery, Vol
84, Tweddell JS, Ghanayem NS, Mussatto KA, et al, Mixed venous
oxygen saturation monitoring after stage 1 palliation for hypoplastic
left heart syndrome; pp 1301-1310, 2007, with permission from
Springer.86)
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Venous Saturation Monitoring
The mixed venous saturation is the flow-weighted average of
the last blood in contact with the cells at the capillary level and,
as such, is a reflection of the global balance between oxygen
delivery and oxygen consumption. Mixed venous saturation is
best measured from the pulmonary artery in patients with in-
series circulation and without intracardiac shunts.84 Among
patients with congenital heart disease, especially those with
Figure 4 The Kaplan-Meier survival curve of 102 pediatric pati
(as described by the American College of Critical Care Medicin
without the addition of continuous venous saturation monitori
randomized to goal-directed therapy (targeting a venous satur
differential was greatest among those patients with the lowes
Intensive Care Medicine, Vol 34, de Oliveira CF, de Oliveira DS, G
guidelines for paediatric septic shock: an outcomes compariso
saturation; pp 1065-1075, 2008, with permission from Springe
functional single ventricle anatomy, the saturation from the
superior vena cava is often used in lieu of a true mixed venous
saturation. Venous saturation monitoring can be used regard-
less of the presence of intracardiac shunts. Venous saturation
can be measured intermittently from a surgically or percuta-
neously placed line. Venous saturation can also be measured
continuously using specialized lines that include an optical tip
that emits light and has a detector to determine hemoglobin
saturation. Error in the venous saturation can occur because of
catheter malposition and, in some, cases anomalous pulmo-
nary venous drainage to either the innominate vein or superior
vena cava will result in admixture of pulmonary venous blood
and an artificially elevated venous saturation.
Venous saturation measured from the superior vena cava

has been shown in multiple observational studies to correlate
with mortality and morbidity (Fig. 3).71,85–87 In a randomized
controlled trial of children with sepsis, venous saturation
measured from the superior vena cava was used as a target
for goal-directed therapy. Those patients whose therapy was
guided by the venous saturation had significantly improved
survival compared with the control group (Fig. 4).88 These
data suggest that venous saturation is a suitable target for
management of the postoperative cardiac surgical patient. For
the critically ill patient, venous saturation assessment (either
intermittent or continuous) should be considered as an addi-
tional monitoring strategy.

Near Infrared Spectroscopy
Near infrared spectroscopy (NIRS) takes advantage of the
differential absorption of light between oxygenated versus
deoxygenated hemoglobin in the wavelengths of 700 to
ents with sepsis randomized to receive standard therapy
e – Paediatric Advanced Life Support guidelines) with or
ng from the superior vena cava. Those patients who were
ation 4 70%) had improved survival (A). This survival
t venous saturation at presentation (B). (Reprinted from
ottschald AF, et al, ACCM/PALS haemodynamic support
n with and without monitoring central venous oxygen
r.88)
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900 nM. The technology is similar to pulse oximetry, except
that NIRS does not include plethysmography and, rather than
focusing on the pulsatile (arterial signal), NIRS devices can
provide an optically weighted average hemoglobin saturation
in tissue beneath a surface probe. Because most of the red cells
in tissue lie in post-arteriolar circulation, NIRS measures of
hemoglobin saturation are heavily venous-weighted, and the
monitoredfield can be spatially resolved by the use of a shallow
and deep detector and a subtraction algorithm. Because
different organs have different flow-metabolism relationships,
estimation of global oxygen economy is improved by probing
venous oxygen saturation from multiple regions and organ
beds. A commonly used strategy for NIRS monitoring in
perioperative or critical care targets two or more organ beds
that have different circulatory controls: typically the cerebral
circulation, which is subject to tight coupling of flow and
metabolism; and a somatic bed, which is under intense
sympathetic control, such as renal, mesenteric, or peripheral
muscle circulation.89–91 These measures are predictive of both
organ-specific and global complications. Because renal and
skeletal muscle oxygen extraction is low under resting
conditions, with normal oxygen supply and demand relation-
ships, NIRS-derived oxygen saturations from somatic fields is
normally higher than that from cerebral fields.89,92–94 Changes
in the distribution of systemic vascular resistance that alter the
distribution of cardiac output can thus be tracked using
multisite NIRS, and a reduction in somatic, compared with
cerebral, saturation is indicative of regional ischemia, necrotiz-
ing enterocolitis, global shock, and mortality (Fig. 5).83,91,95–97

Two-site NIRS monitoring has also been shown in multiple
observational studies to correlate with venous saturation, and
thus can serve as a non-invasive surrogate for SvO2 in goal-
directed therapy.83,95,96,98–100 Low regional blood flow
detected by NIRS in the early post-bypass period identifies
patients who have lower cardiac output and SvO2 postoper-
atively.101 Sources of error are similar to those encountered
with pulse oximetry and include dyshemoglobinemia, hyper-
bilirubinemia, artificial light, and anasarca. Because the depth
Figure 5 Data from the Children’s Hospital of Wisconsin hypoplastic
left heart syndrome stage 1 perioperative database comparing the
probability of complications and postoperative somatic-cerebral
oxygen saturation difference assessed hourly for 48 hours. Similar
to Fig. 3, decreased oxygen delivery as measured by the somatic-
cerebral saturation difference correlated with outcome.
of the light path is dependent on the source-detector distance,
current technologies are more reliable in smaller patients, in
whom the target organ will comprise a greater proportion of
the monitored field.89,91,102 Although the monitored field
cannot be absolutely defined, large numbers of publications
define the biophysical and biologic basis for measures of
regional venous-weighted oxygen saturation by NIRS, and
technologic development is likely to result in devices with
greater measurement precision.103 For the critically ill patient,
two-site NIRS monitoring is a reasonable additive monitoring
strategy.
Neuromonitoring
Survival with optimal neurologic outcome and preserved
neurodevelopmental potential is the goal for every neonate,
infant, and child undergoing cardiac surgery. Similar to other
perioperative monitoring strategies, the goal of neuromonitor-
ing is the identification of perturbations of the central nervous
system in a timely manner that permits treatment to avoid
permanent neurologic injury and consequent neurodevelop-
mental delay. In cardiac surgery, this means monitoring that
identifies derangement of cerebral oxygendelivery.Monitoring
of brain in cardiac surgery is limited to transcranial Doppler,
electroencephalography, and NIRS.
Transcranial Doppler
Transcranial Doppler ultrasound (TCD) is a sensitive, real-time
monitor of cerebral bloodflowvelocity.104 Themiddle cerebral
artery accessed through the temporal window is the most
common site used for TCD, although the anterior cerebral
arteries can be accessed through the anterior fontanel. TCD
measures blood flow velocity and detects emboli. Cannula
malposition that results in decreased cerebral blood flow can
also be identified. TCD has been used as a research tool to
study cerebrovascular autoregulation and the effects of hypo-
thermic cardiopulmonary bypass and antegrade cerebral
perfusion. True cerebral emboli have a characteristic audio
and visual signal and are identified as high-intensity transients
or the alarming abbreviation (HITS). Because of the demands
for operator knowledge and task burden, TCD is a primarily
research tool rather than a practical day-to-day monitoring
strategy. The probes limit access to the patient and main-
tenance of probe position is difficult. Therefore, prolonged
TCD monitoring is a challenge and there is a significant
learning curve.104 There is no clear association with HITS and
neurodevelopmental outcome.105,106 There is insufficient data
to suggest that TCD should be part of the routine perioperative
monitoring. However, trained teams that utilize TCD to refine
practice should not be dissuaded from continued application.
Continuous Electroencephalographic
Monitoring
Electroencephalograph monitoring has been used intraoper-
atively, especially when deep hypothermic circulatory arrest is
used, to confirm electrical silence. Intraoperative slowing of the



All this monitoring…What’s necessary, what’s not? 87
electroencephalography (EEG) not caused by hypothermia
could be an indicator of cerebral ischemia and was an
indication for intervention with an aim to prevent neurological
injury in a study of multimodality neuromonitoring.107

Perioperative seizures are a marker of neurologic injury and
are associated with neurodevelopmental delay.108,109 Follow-
ing surgery, especially in high-risk patients, sedation and
paralysis may mask identification of seizures; EEG identifies
seizures three times as often as clinically detected seizures.
Postoperative seizures, however, are likely a marker of injury
that has already occurred and it is unclear if early detection and
treatment of seizures changes the outcome. Furthermore,
intraoperative and postoperative EEG monitoring is cumber-
some and requires specialized equipment and expert personnel
for interpretation. While ongoing research is merited, there is
insufficient data to suggest that EEG should be part of the
routine perioperative monitoring.110
Near Infrared Spectroscopy
There is a strong correlation betweenNIRS and jugular venous
bulb saturation, especially in infants and small children, in
whom the light path interrogates a larger portion of the cortical
and subcortical brain tissue.89,91,102,111 Multiple prospective
observational studies have shown a correlation between
cerebral saturation, as measured by NIRS, and neurodevelop-
mental outcome.112–115 There are no randomized trials in
pediatric patients comparing goal-directed therapy using
cerebral NIRS monitoring with patients managed without
NIRS. Nevertheless, NIRS is straightforward to use and
interpret and provides a target for goal-directed therapy.100

Furthermore, cerebral NIRS is already measured as a part
of two-site NIRS monitoring. The addition of cerebral
NIRS monitoring should be considered in at-risk patients,
which probably includes all patients with congenital heart
disease in the perioperative period, especially those under-
going operations with cardiopulmonary bypass. In addi-
tion, NIRS is the only monitor useful during periods of
circulatory arrest.113,116–118With the increasing amount of
observational studies and widespread adoption of NIRS
monitoring, it seems unlikely that randomized trials will be
forthcoming.
Multimodality neuromonitoring has been reported by

Austin and colleagues107 and included NIRS, EEG, and
TCD. Patients who had derangements identified and treated
had neurologic outcome and hospital length of stay similar to
patients who did not have identifiable deviations in monitored
parameters. It is noteworthy that by far the most common
indicator for intervention was cerebral desaturation detected
by NIRS.
All This Monitoring…What’s
Necessary andWhat is Not?
To be effective, monitoring must detect perturbations in well-
being fast enough and with enough fidelity to permit
intervention.119 IN addition, to test the utility of monitoring
requires an accepted, effective therapy and this therapy must
be implemented in a timely manner. The evidence to support
the use of our standard monitoring strategies; continuous
ECG, blood pressure, central venous pressure, oxygen satu-
ration, and capnography, are based on expert opinion, case
series, or at best observational studies. In addition, guidelines
established by professional societies have mandated the use of
these strategies so it appears that future studies are unlikely.
Some have suggested that newer monitoring strategies should
be required to have higher levels of evidence supporting their
use, particularly if we are to control costs. But in the absence of
increased funding and agreed upon treatment strategies, it
seems unlikely that such studies will be forthcoming in
congenital heart surgery. Multi-center collaborative studies in
which those centers with the better risk-adjusted outcomes are
evaluated for best practice may prove to be the best strategy for
rapid identification and adoption of a wide spectrum of
improved perioperative care, including better perioperative
monitoring strategies.
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