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“You see, but you do not observe.”
—Sherlock Holmes. A Scandal in Bohe-
mia: Sir Arthur Conan Doyle, 1891

Human beings are unable to
store appreciable amounts
of oxygen in their tissues.
Consequently, a constant

delivery must be maintained to preserve
cellular function. The body achieves this
through a series of elegant mechanisms,
which closely monitor oxygen demand
and delivery, detect any imbalance early,
and elicit compensatory mechanisms to
avoid hypoxia (1). Indeed, as early as
1872, a study by Pflueger suggested that
variables such as arterial oxygen content,
arterial pressure, velocity of blood flow,
mode of cardiac work, and respiration are
all incidental and subordinate; they all
combine to service the cell (2, 3).

When this process is interrupted or
overwhelmed by disease, demand can
outstrip supply, leading to organ dysfunc-

tion, morbidity, and death (4–6). In crit-
ical care, the role of ensuring sufficient
oxygen delivery to meet the metabolic
needs of the patient then becomes the
principal goal of the critical care phy-
sician. However, without the ability to
directly monitor these intricate cellular
processes, we use surrogate measures
to detect hypoxia and ensure optimal
outcomes.

The intent of monitoring in critical
care is to alert the team to impending
physiological derangements to avert or-
gan impairment (3, 7, 8). The effective-
ness of monitoring depends on our ability
to interpret the clinical relevance of these
variables and use this information to
guide therapy. Although there are several
sophisticated options, many of these are
expensive and, in many areas of the
world, monitoring capabilities are dic-
tated by resource limitations. Faced with
limited resources, one has to make
choices based on answers to several ques-
tions. What techniques and equipment
are available to monitor children in pedi-
atric intensive care units? What are the
essentials? What are luxuries? What mon-
itors can one forego without placing pa-
tients at undue risk?

Controversy exists as to what consti-
tutes essential monitoring and whether
advanced and expensive techniques im-
prove outcomes (9–12). Although evi-
dence relating to this issue has been re-
viewed by several groups, no guidelines
or recommendations have been proposed.
There is therefore no consensus opinion
as to the ideal approach to monitoring of
patients in pediatric cardiac critical care.

This editorial is the first attempt to
establish an international consensus as to
what constitutes appropriate monitoring
in pediatric critical care. We aim to pro-
vide guidelines that we believe should be
achievable in most pediatric cardiac in-
tensive care units around the world.
However, we do not attempt to address
the question of when these services
should be provided. The majority of
deaths worldwide in children occur in
low-income countries and are most often
related to infection, not congenital heart
disease (13). In many low-income coun-
tries, considerably more lives will be
saved by directing public healthcare
funding toward low-cost, preventive in-
terventions rather than complex initia-
tives such as pediatric cardiac programs
(14). Nonetheless, many countries have
seen dramatic declines in child mortality
in the last two decades and pediatric car-
diac programs could be provided in many
of these areas.

This document represents our collec-
tive opinions as critical care physicians
with experiences in Europe, Australia,
Asia, Africa, and North America. The pro-
cess initially involved an in-depth review
of all the summaries of various modes of
monitoring in contemporary intensive
care described elsewhere in this supple-
ment. Detailed discussion then occurred,
highlighting individual preferences and
practices while being cognizant of re-
source limitations in many parts of the
world. This process resulted in pragmatic
conclusions as to what would be reason-
ably achievable worldwide. We have sum-
marized the characteristics of all individ-
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Our ability to directly monitor the mechanisms that govern
cellular function, oxygen use, and survival is minimal. Therefore,
in critically ill children, surrogate markers are used to try to
detect evolving or established hypoxia. These surrogate markers
are best used in combination and are complementary to clinical
examination. Regardless of resource limitations, we propose that
the availability of certain monitoring tools form a standard of care
without which pediatric cardiac critical care cannot be safely or

optimally provided. These tools include standard invasive hemo-
dynamic monitoring with electrocardiography, lactate measure-
ment, central venous oxygen saturation, and echocardiography.
Ultimately, monitoring is only useful when the clinician observes
a specific value or trend and has the expertise to act appropri-
ately. (Pediatr Crit Care Med 2011; 12[Suppl.]:S76–S80)
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ual modalities and the reasons why we
favor them. However, we have focused on
the types of monitoring that we think are
the most useful and affordable in relation
to ensuring adequate oxygen delivery to
meet metabolic demands.

Monitoring Options

In discussing these monitoring op-
tions, we assume that the support ser-
vices to provide basic laboratory tests are
readily available. We also assume that
staff working in the intensive care unit
have the skills and knowledge to use
these monitors, interpret the data, and
provide appropriate therapies for the
postoperative cardiovascular surgical pa-
tient.

Standard Hemodynamic
Monitoring

Heart rate, oxygen saturation, and
blood pressure are easily obtainable and
well understood. Appropriately named
“vital signs,” they should be constantly
monitored throughout hospital admis-
sion. These simple parameters initially
guide escalation and eventual de-escala-
tion of therapy. Targets can be set for
resuscitation. Trends as well as baseline
values can both be useful. Continuous
monitoring of heart rate and oxygen sat-
uration along with intermittent noninva-
sive blood pressure and clinical examina-
tion can allow rapid assessment of
volume resuscitation and respiratory sup-
port (15). Failure to respond favorably to
initial interventions can rapidly identify
patients who may require the next step in
treatment or monitoring.

The importance of heart rate is un-
derlined by the fact that the two prin-
cipal determinants of cardiac output
are heart rate and stroke volume.
Tachycardia may reflect falling stroke
volume or an increase in oxygen de-
mand. Optimization of preload, after-
load, and contractility should result in
normalization of heart rate as a conse-
quence of improved oxygen delivery
with less myocardial work. In addition,
reducing oxygen consumption by atten-
uating pain, anxiety, and hyperthermia
can have an adjunctive effect by improving
the balance between consumption and de-
livery (7, 16). Cardiac output can also be
affected by ischemia, electrolyte distur-
bances, or dysrhythmias, which can be re-
vealed by abnormal complex morphology
on electrocardiogram.

Pulse oximetry is recommended for all
critically ill patients. Its continuous na-
ture and rapidity of change can alert the
physician to a decrease in arterial oxygen
saturation instantaneously and is often
the first parameter to become deranged
in an impending crisis (17, 18). In the
general population of pediatric patients
without complex congenital heart dis-
ease, brisk correction to establish high
normal values improving oxygen delivery
is necessary (19).

Invasive Blood Pressure
Monitoring

Increasing fluid requirements or the
need for vasoactive therapy and ventila-
tion necessitates invasive arterial moni-
toring. This allows continuous pressure
monitoring, waveform analysis, and re-
peated blood sampling for lactate and ar-
terial blood gases. While aiming for a
specific blood pressure can be initially
useful, it is important to remember that
pressure does not necessarily equate to
flow, cardiac output, or oxygen delivery
(7, 20). In the face of marginal myocar-
dial performance, manipulating blood
pressure by increasing the systemic vas-
cular resistance can have a detrimental
effect on cardiac output. This is especially
important in single ventricle physiology,
in which the cardiac output may fall pre-
cipitously in the face of a rising systemic
vascular resistance. Relaxing blood pres-
sure parameters in these cases may be
indicated while monitoring other indices
of oxygen delivery (21). An additional and
useful function of invasive arterial mon-
itoring is the information regarding car-
diopulmonary interactions and preload
responsiveness. Changes in arterial sys-
tolic or pulse pressure during the respi-
ratory cycle with positive-pressure venti-
lation can predict which patients will
have a rise in cardiac output in response
to fluid therapy (22–25). It is important
to remember that that not all children
who demonstrate this feature benefit
from further volume such as those with
right ventricular failure (26, 27).

End-Tidal CO2

End-tidal CO2 is recommended for all
ventilated patients in critical care, prin-
cipally as a monitor of adequate ventila-
tion, correct placement of endotracheal
tubes, and as a marker of pulmonary
blood flow (28). As well as providing in-
formation about alveolar ventilation, this

continuous measurement may alter with
cardiac output, shunt, and pulmonary
blood flow (15, 29). The dead space cre-
ated by in-line capnography with modern
technology is negligible.

Lactate

Lactate is a widely accepted indicator
of adequate global oxygen delivery. Avail-
able on most blood gas analyzers, this
important measurement can be done
routinely and at a relatively low cost, de-
pending on its frequency. A rising value
in a child with cardiac disease is likely to
be reflective of inadequate oxygen deliv-
ery secondary to low cardiac output and
is usually associated with an acidosis. A
downward trend can indicate a favorable
response to therapy and can be used as a
guide to improve oxygen delivery. Nor-
malization of serum lactate value is a
specific goal of perioperative manage-
ment. The first value recorded postoper-
atively, especially when combined with
central venous saturations (ScvO2), can
be of prognostic significance (30, 31).
Certain disadvantages with this parame-
ter exist. First is its latent quality; a rise is
usually secondary to established, rather
than evolving, hypoxia. Second, increased
levels may not always be associated with
hypoxia with a sustained lacticemia being
induced by �2-agonists. Finally, lactate
can be produced silently in areas of hyp-
oxia as a result of low flow. A “normal”
lactate therefore may only reflect its ab-
sence in the circulation, whereas there
may be significant quantities present in
the tissues.

As cardiac output and perfusion im-
proves in the postoperative patient, accu-
mulated lactate from this inflammatory
process may “wash out.” If this rise is
transient in the face of other stable pa-
rameters, then it can be monitored. How-
ever, a sustained high level or rise is
usually pathologic and should be aggres-
sively treated. Serial measurements
should be performed routinely in the
postoperative patient and the trend
should be closely observed for any subtle
changes in clinical status.

Central Venous Pressure
Monitoring

Central venous catheters are essential
in many critically ill patients, especially
smaller children after cardiac surgery.
They facilitate drug delivery, blood sam-
pling (for standard laboratory tests and
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ScvO2), waveform analysis, and pressure
monitoring (central venous pressure).
Careful interpretation of central venous
pressure is essential. The assumption
that pressure always equates to volume is
incorrect because there is no linear rela-
tionship between these variables (32).
Many factors alter this relationship, in-
cluding, but not limited to, ventricular
compliance, valvular regurgitation, atrio-
ventricular dyssynchrony, and venous ca-
pacitance. Static measures of intracardiac
filling pressures may not be helpful in
determining preload responsiveness in
critically ill patients, whereas dynamic
changes in these values during spontane-
ous ventilation can be (33).

However, if the value is low or falling, in
conjunction with other indices of inade-
quate cardiac output, it is reasonable to
assess the response to a fluid bolus at the
bedside. Continuous central venous pres-
sure monitoring can be used to trend any
response, favorable or otherwise. Guaran-
teed drug delivery and measuring venous
saturations are perhaps of more value.

ScvO2

Historically, the pulmonary artery
catheter was regarded as the gold stan-
dard of hemodynamic monitoring, mea-
suring both cardiac output and mixed
SvO2. However, concerns over safety,
complications, and effect on outcome are
such that it is not used routinely in crit-
ically ill patients, particularly children
(34–36). Measuring a surrogate of SvO2,
ScvO2 is now one of the most compelling
monitoring tools within pediatric inten-
sive care in terms of evidence and applied
physiology. An immediate, inexpensive,
and reproducible value, it quickly illus-
trates the basic physiologic response to
any oxygen delivery/oxygen consumption
imbalance or therapeutic intervention
while alerting the physician to evolving
hypoxia before other latent markers such
as lactate become deranged (37, 38).

ScvO2 measurements from a central
line trends SvO2 in most, but not all,
situations (39–41). It is not affected by
intracardiac shunts and can be used to
establish the oxygen extraction ratio or
arteriovenous difference in cyanotic chil-
dren. Several studies have demonstrated
its use in goal-directed therapy in both
adult and pediatric studies treating sepsis
and congenital heart disease (42–44).

It is important, however, to recognize
the limitations of ScvO2. Values may vary
depending on the sampling site. As a

marker of global oxygen delivery, it may
be normal, or even high, in the face of
regional perfusion abnormalities or im-
paired oxygen uptake and thus be falsely
reassuring. Conversely, an abnormally
low value is extremely specific for low
cardiac output states and in the absence
of significant anemia or hypoxia can be
used as a therapeutic target (42, 45, 46).

Cardiac output can be determined us-
ing the Fick equation: cardiac output
(CO) � oxygen consumption/arterio-
venous difference. Many use ScvO2 to rep-
resent cardiac output by using it to sub-
stitute oxygen consumption (CO �
oxygen consumption/arterial oxygen con-
tent � ScvO2). This is especially useful in
the postoperative cardiac patient. Two
things are important to note when mon-
itoring this value. First, the relationship
between ScvO2 and CO is nonlinear (7,
40). Second, it is assumed that oxygen
consumption and arterial oxygen content
are stable. However, a drop in ScvO2 in
the otherwise stable child is likely to rep-
resent a fall in cardiac output and may
require investigation. Continued moni-
toring of its trend in response to any
intervention is mandatory. It helps to
identify and manage a low cardiac output
state, has become a therapeutic target in
sepsis and the postoperative cardiac pa-
tient, and has prognostic value. It also
can be used to improve oxygen delivery
by guiding pulmonary output:systemic
output and ventilation strategies (47, 48).

Traditionally, in most patients, im-
proving arterial saturations will increase
oxygen delivery and ScvO2. However, in
single ventricle physiology, the standard
relationship between saturation and oxy-
gen delivery becomes uncoupled. In ad-
dition to lung pathology, a fall in sys-
temic oxygen saturation may reflect a fall
in CO. A reduction in systemic oxygen
delivery will result in a fall in venous
saturations if oxygen consumption is sta-
ble. Subsequently, the saturation of the
venous admixture (intracardiac “mixing”
of systemic and pulmonary venous re-
turns) will fall. Systemic saturations will
follow because they are effectively one
and the same.

ScvO2 measurements provide vital in-
formation in patients with single ventri-
cle physiology. With normal anatomy, CO
is equal to the individual outputs from
the pulmonary and systemic circulations:
CO � pulmonary output � systemic out-
put. In the single ventricle, the CO is now
“divided,” and the partitioning of flow
depends on the relative resistances of the

each circulation: CO � pulmonary out-
put � systemic output. The Fick equa-
tion can therefore be devoted to each
portion. If one combines and rearranges
these equations, a simplified form that
can be used at the bedside can be derived:
pulmonary output/systemic output � 25
(95-SaO2) (49). Therefore, targeting arte-
rial saturations of approximately 75% to
80%, theoretically at least, assumes a sat-
isfactory division of CO, adequate balanc-
ing of the circulation, and systemic oxy-
gen delivery. However, oxygen delivery
can alter widely in this patient group
without a change in systemic saturation
(50). This illustrates the importance of
the valuable information regarding the
adequacy of systemic oxygen delivery us-
ing ScvO2. This may alter dramatically
and sometimes inversely to changes in
arterial saturations (21). Optimizing
rather than normalizing arterial satura-
tions in this group is paramount. There is
no ideal value for ScvO2 in these children,
but a stable trend in conjunction with
other markers of oxygen delivery is use-
ful. Importantly, devotion to the perfec-
tion of balancing the circulation is irrel-
evant in the face of inadequate CO (51).

ScvO2 can guide therapy in many dif-
ferent clinical situations. Serial measure-
ments are therefore warranted in the un-
stable patient. ScvO2 is invaluable when it
comes to instigating and monitoring the
effects of therapeutic intervention. Con-
tinuous real-time oximetry catheters are
available, which can be either surgically
placed or incorporated into a central ve-
nous line. Their use has been demon-
strated in a number of studies but they
are expensive (42, 43).

Measuring venous saturations is a
standard of care that should be available
in all pediatric cardiac centers and can be
used in conjunction with other parame-
ters and indicators of organ dysfunction.

Echocardiography

Echocardiography is an essential
monitoring tool in cardiac critical care. It
provides vital information regarding the
hemodynamics of a critically ill child af-
ter cardiac surgery and should be per-
formed in a timely manner prompted by a
deterioration in other hemodynamic pa-
rameters or to evaluate a recent interven-
tion. Echocardiography allows assess-
ment of baseline and postoperative
cardiac structure and function and
quickly exclude early, treatable postoper-
ative problems such as tamponade, shunt
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occlusion, or residual lesions (52). Addi-
tional hemodynamic information such as
CO, end-diastolic volume, global and re-
gional ventricular function, and valvular
abnormalities can also be obtained. More
advanced techniques such as the use of
tissue Doppler, speckle tracking, con-
trast, and three-dimensional echocardi-
ography may become more established in
the future (53–55).

These cannot be regarded as routine
in pediatric critical care at the present
time. Transthoracic echocardiography is
a skill that can be achieved up to a certain
standard by most intensivists (56, 57). It
is safe, noninvasive, and has minimal
consumable charges; however, intensiv-
ists should not perform echocardiograms
independently unless they are compre-
hensively trained and accredited. There is
no such thing as a “basic echo” in chil-
dren. An inexperienced operator can ob-
tain suboptimal images and misinterpret
optimal ones. The clinical consequences
of these mistakes can be profound.

Emerging Technology

Ever since questions were raised about
the use and safety of the pulmonary artery
catheter, the race has been one to try to
find an alternative to the putative “gold
standard” of hemodynamic monitoring.
Since then, an array of potentially useful
devices has emerged on the market. At
present, the majority have not been recom-
mended for use in children because of is-
sues concerning calibration, size, training,
assumptions, cost, and lack of validation.

The most promising of these monitors
is near-infrared spectroscopy, a noninva-
sive device capable of displaying real-time
regional tissue saturations. However, fur-
ther studies need to be conducted before
the role of near-infrared spectroscopy can
be properly assessed in the pediatric crit-
ical care (58). Additionally, the cost of
near-infrared spectroscopy hardware is
currently prohibitive for many centers in
low- or middle-income countries.

CONCLUSION

There is no single monitoring tool
that alone can be described as the “gold
standard” in pediatric intensive care.
Shephard described the ideal characteris-
tics of a monitoring system as accurate,
reproducible with a rapid response, oper-
ator-independent, easy to use, no associ-
ated morbidity, continuous, and cheap
(16). None of the monitoring described

here fulfills these criteria in isolation.
However, when used in combination,
they may come closer to this ideal.

Naturally, physicians are drawn to
newer technologies, which have an ele-
ment of fascination. However, they are
expensive, have little evidence to support
their use, and can distract the clinician
from doing the basics well.

To that end, we make the following rec-
ommendations for monitoring children af-
ter cardiac surgery, which should be
achievable in most units around the world:
1) standard basic monitoring (heart rate,
blood pressure, and arterial saturations) is
indicated for all postoperative patients; 2)
invasive lines are warranted in all but the
simplest cases; 3) lactate and ScvO2

should be regularly monitored along with
frequent clinical assessment; and 4)
echocardiography is indicated for any un-
explained deterioration in clinical condi-
tion or monitoring parameters and re-
mains one of the cornerstones of a
successful pediatric cardiac surgical pro-
gram.

Sherlock Holmes once remarked to his
crestfallen colleague Dr. Watson: “You see,
but you do not observe. The distinction is
clear.” We glance at monitoring and see the
numbers all the time, but the continuous
aspect of some parameters can be disabled
by only viewing the monitors intermit-
tently. Observing a trend over time is es-
sential to detect subtle changes in these
values, which may allow early detection of
patient deterioration not obvious with in-
termittent snapshots. Ultimately monitor-
ing, basic or otherwise, is only useful to the
patient if the clinician observes a specific
value or trend and has the expertise to act
appropriately.

REFERENCES

1. Granger HJ, Shepherd JR: Intrinsic micro-
vascular control of oxygen delivery. Micro-
vasc Res 1973; 5:49–72

2. Pflueger E: Ueber die Diffusion des Sauerst-
offs, den Ort und die Grenze der Oxydation-
sprozesse im thierischen Organismus. Pflu-
egers Arch Gesamte Physiol Menschen
Thiere 1872; 43–64

3. Boldt J: Clinical review: Hemodynamic mon-
itoring in the intensive care unit: Crit Care
2002; 6:52–59

4. Shoemaker WC, Appel PL, Kram HB: Tissue
oxygen debt as a determinant of lethal and
nonlethal postoperative organ failure. Crit
Care Med 1988; 16:1117–1120

5. Wernovsky G, Wypij D, Jonas RA, et al: Post-
operative course and hemodynamic profile
after the arterial switch operation in neo-
nates and infants: A comparison of low-flow

cardiopulmonary bypass and circulatory ar-
rest. Circulation 1995; 92:2226–2235

6. Duke T, Butt W, South M, et al: Early mark-
ers of major adverse events in children after
cardiac operation. J Thorac Cardiovasc Surg
1997; 114:459–462

7. Tibby SM, Murdoch IA: Monitoring cardiac
function in intensive care. Arch Dis Child
2003; 88:46–52

8. Pinsky MR, Paven D: Functional hemody-
namic monitoring. Crit Care 2005;
9:566–572

9. Bellomo R, Uchino S: Cardiovascular moni-
toring tools: Use and misuse. Curr Opin Crit
Care 2003; 9:225–229

10. Harvey S, Stevens K, Harrison D, et al: An
evaluation of the clinical and cost-effective-
ness of pulmonary artery catheters in patient
management in intensive care: A systematic
review and a randomised controlled trial.
Health Technol Assess 2006; 10:iii–iv, ix–xi,
1–113

11. Van den Oever HL, Murphy EJ, Christie-Taylor
GA: USCOM (Ultrasonic cardiac output moni-
tors) lacks agreement with thermodilution car-
diac output and transoesophageal echocardiog-
raphy valve measurements. Anaesth Intensive
Care 2007; 35:903–910

12. Pinsky MR: Rationale for cardiovascular
monitoring. Curr Opin Crit Care 2003;
9:222–224

13. Black RE, Cousens S, Johnson HL, et al:
Global, regional, and national causes of child
mortality in 2008: A systematic analysis.
Lancet 2010; 375:1969–1987

14. Bhutta ZA, Ali S, Cousens S, et al: Interven-
tions to address maternal, newborn, and
child survival: What difference can inte-
grated primary health care strategies make?
Lancet 2008; 372:972–989

15. Biarent D, Bingham R, Eich C, et al: Euro-
pean Resuscitation Council Guidelines for
Resuscitation 2010 Section 6. Paediatric life
support. Resuscitation 2010; 81:1364–1388

16. Shephard JN, Brecker SJ, Evans TW: Bedside
assessment of myocardial performance in the
critically ill. Intensive Care Med 1994; 20:
513–521

17. Cote CJ, Goldstein EA, Cote MA, et al: A
single blind study of pulse oximetry in chil-
dren. Anesthesiology 1988; 68:184–188

18. Cote CJ, Rolf N, Lui L: A single-blind study of
combined pulse oximetry and capnography
in children. Anesthesiology 1991; 74:
980–897

19. Spittal MJ: Evaluation of pulse oximetry dur-
ing cardiopulmonary resuscitation. Anaes-
thesia 1993; 48:701–703

20. LeDouc D, Astix ME, Carpati C, et al: Effects
of perfusion pressure on tissue perfusion in
septic shock. Crit Care Med 2000; 28:
2729–2732

21. Tweddell JS, Hoffman GM, Fedderly MD, et
al: Phenoxybenzamine improves systemic ox-
ygen delivery after the Norwood procedure.
Ann Thorac Surg 1999; 67:161–167

22. Reuter DA, Goepfert MS, Goresch T, et al:
Assessing fluid responsiveness during open

S79Pediatr Crit Care Med 2011 Vol. 12, No. 4 (Suppl.)



chest conditions. Br J Anaesth 2005; 94:
318–323

23. Rex S, Brose S, Metzelder S, et al: Prediction
of fluid responsiveness in patients during
cardiac surgery. Br J Anaesth 2004; 93:
782–788

24. Pinsky MR: Hemodynamic evaluation and
monitoring in the ICU. Chest 2007; 132:
2020–2029

25. Kuhlwein E, Balmer C, Cannizzaro V, et al:
Determinants of arterial and central venous
blood pressure variation in ventilated criti-
cally ill children. Intensive Care Med 2011;
37:118–123

26. von Ballmoos MW, Takala J, Roeck M, et al:
Pulse pressure variation and hemodynamic
response in patients with elevated pulmonary
artery pressure: A clinical study. Crit Care
2010; 14:R111

27. Mahjoub Y, Pila C, Friggeri A, et al: Assessing
fluid responsiveness in critically ill patients:
False-positive pulse pressure variation is de-
tected by Doppler echocardiographic evalua-
tion of the right ventricle. Crit Care Med
2009; 37:2570–2575

28. Eichhorn JH: Prevention of intraoperative
anesthesia accidents and related severe in-
jury through safety monitoring. Anesthesiol-
ogy 1989; 70:572–577

29. Tugrul AP, Camci E, Sungur Z, et al: The
value of end-tidal carbon dioxide monitoring
during systemic-to-pulmonary artery shunt
insertion in cyanotic children. J Cardiovasc
Anesth 2004; 18:152–155

30. Munoz R, Laussen PC, Palacio G, et al:
Changes in whole blood lactate levels during
cardiopulmonary bypass for surgery for con-
genital cardiac disease: An early indicator of
morbidity and mortality. J Cardiovasc Surg
2000; 119:155–162

31. Seear MD, Scarfe JC, LeBlanc JG: Predicting
major adverse events after cardiac surgery in
children. Pediatr Crit Care Med 2008;
9:606–611

32. Kumar A, Anel R, Bunnell E, et al: Pulmo-
nary artery occlusion pressure and central
venous pressure fail to predict ventricular
filling volume, cardiac performance, or the
response to volume infusion in normal sub-
jects. Crit Care Med 2004; 32:691–699

33. Pinsky MR: Assessment of indices of preload
responsiveness and volume responsiveness.
Curr Opin Crit Care 2005; 11:235–239

34. Chittock DR, Dhingra VK, Ronco JJ, et al:

Severity of illness and risk of death associ-
ated with pulmonary artery catheter use. Crit
Care Med 2004; 32:911–915

35. Harvey S, Harrison DA, Singer M, et al: As-
sessment of the clinical effectiveness of pul-
monary artery catheters in management of
patients in intensive care (PAC-Man): A ran-
domised controlled trial. Lancet 2005; 366:
472–477

36. Wiener RS, Welch HG: Trends in the use of
the pulmonary artery catheter in the United
States, 1993–2004. JAMA 2007; 298:472–477

37. Vincent JL, De Backer D: Oxygen transport—
The oxygen delivery controversy. Appl
Physiol Intensive Care Med 2006; 3:337–343

38. Spenceley N, Skippen P, Krahn G, et al: Con-
tinuous central venous saturation monitor-
ing in pediatrics: A case report. Pediatr Crit
Care Med 2008; 9:e13–e16

39. Reinhart K, Bloos F: The value of venous
oximetry. Curr Opin Crit Care 2005; 11:
259–263

40. Martin J, Shekerdemain L: The monitoring
of venous saturations of oxygen in children
with congenitally malformed hearts. Cardiol
Young 2009; 19:34–39

41. Humer MF, Phang PT, Friesen BP, et al:
Heterogeneity of gut capillary transit times
and impaired gut oxygen extraction in endo-
toxemic pigs. J Appl Physiol 1996; 81:
895–904

42. de Oliveira CF, de Oliveira DSF, Gottschald
AFC, et al: ACCM/PALS haemodynamic sup-
port guidelines for paediatric septic shock: An
outcomes comparison with and without mon-
itoring central venous oxygen saturation. In-
tensive Care Med 2008; 34:1064–1075

43. Tweddell JS, Hoffman GM, Mussatto KA, et
al: Improved survival of patients undergoing
palliation of hypoplastic left heart syndrome:
Lessons learned from 115 consecutive pa-
tients. Circulation 2002; 106(Suppl I):
I-82–I-89

44. Rivers E, Nguyen B, Havstad S, et al: Early
goal-directed therapy in the treatment of se-
vere sepsis and septic shock. N Engl J Med
2001; 345:1368–1377

45. Carcillo JA, Pollack MM, Ruttimann UE, et al:
Sequential physiologic interactions in pedi-
atric cardiogenic and septic shock. Crit Care
Med 1989; 17:12–16

46. Twedell JS, Ghanayem NS, Mussatto KA, et
al: Mixed venous oxygen saturation monitor-
ing after stage 1 palliation for hypoplastic left

heart syndrome. Ann Thorac Surg 2007; 84:
1301–1310

47. Tibby SM, Durward A: Interpretation of the
echocardiographic pressure gradient across a
pulmonary artery band in the setting of a
univentricular heart. Intensive Care Med
2008; 34:203–207

48. Takala J: Hypoxemia due to increased venous
admixture: Influence of cardiac output on
oxygenation. Intensive Care Med 2007; 33:
908–911

49. Schwartz SM, Dent CL, Musa NL, et al: Sin-
gle-ventricle physiology. Crit Care Clin 2003;
19:393–411

50. Barnea O, Santamore WP, Rossi A, et al: Esti-
mation of oxygen delivery in newborns with a
univentricular circulation. Circulation 1998;
98:1407–1413

51. Barnea O, Austin EH, Richman B, et al: Bal-
ancing the circulation: Theoretic optimiza-
tion of pulmonary/systemic flow ratio in hy-
poplastic left heart syndrome. J Am Coll
Cardiol 1994; 24:1376–1381

52. Beaulieu Y: Bedside echocardiography in the
assessment of the critically ill. Crit Care Med
2007; 35:S235–S249

53. Marwick TH: Measurement of strain and
strain rate echocardiography: Ready for
prime time? J Am Coll Cardiol 2006; 47:
1313–1327

54. MacLaren G, Kluger R, Prior D, et al: Tissue
Doppler, strain, and strain rate echocardiog-
raphy: Principles and potential perioperative
applications. J Cardiothorac Vasc Anesth
2006; 20:583–593

55. Dragulescu A, Mertens LL: Developments in
echocardiographic techniques for the evalu-
ation of ventricular function in children.
Arch Cardiovasc Dis 2010; 103:603–614

56. Vignon P, Mucke F, Bellec F, et al: Basic
critical care echocardiography: Validation of
a curriculum dedicated to noncardiologist
residents. Crit Care Med 2011; 39:636–642

57. Pershad J, Myers S, Plouman C, et al: Bedside
limited echocardiography by the emergency
physician is accurate during evaluation of
the critically ill patient. Pediatrics 2004; 114:
e667–e671

58. Ghanayem NS, Wernovsky G, Hoffman GM:
Near-infrared spectroscopy as a hemody-
namic monitor in critical illness. Pediatr Crit
Care Med 2011; 12(Suppl):S27–S32

S80 Pediatr Crit Care Med 2011 Vol. 12, No. 4 (Suppl.)


