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Abstract Objective: A goal-directed
therapy algorithm based on serial
lactate values obtained from a point-
of-care testing device was utilized in
an attempt to reduce the mortality of
patients after congenital heart sur-
gery. Design: Prospective study of
patients undergoing surgery utilizing
a goal-directed therapy algorithm in
the postoperative period. The results
of this group are compared with a
historical cohort. Operative risk was
determined using the RACHS-1
scoring system. Setting: A 12-bed
cardiac intensive care unit (ICU) in a
pediatric hospital. Patients: Patients
undergoing surgery from July 2001
through September 2003 (group B,
n=710) were compared to cohorts
from June 1995 through June 2001
(group A, n=1,656). Group B patients
were smaller and younger (median
weight 6.2 vs 8 kg, p<0.001; median
age 184 vs 327 days, p=0.004).
Interventions: Beginning in July
2001, blood lactate measurements
were performed serially for 24 h after
heart surgery. Based on lactate values
and trends, therapy was amended.
Measurements and results: Mortality

was lower for group B (1.8 vs 3.7%,
p=0.02). A reduction in mortality
between group B and group A was
noted in neonates (3.4 vs 12%,
p=0.02), but not in older patients.
Group B patients undergoing higher
risk operations (Risk Adjustment for
Congenital Heart Surgery-1
[RACHS-1] categories 3–6) had a
significant reduction in mortality
when compared to group A (3 vs 9%,
p=0.006), no difference was noted in
patients undergoing lower risk oper-
ations (RACHS-1 categories 1 and 2).
Conclusions: The combination of
goal-directed therapy and point-of-
care testing was associated with a
marked decrease in mortality for pa-
tients undergoing congenital heart
surgery. Improvement was greatest in
the highest risk patients.
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Introduction

While mortality for children undergoing congenital heart
surgery (CHS) continues to diminish, it remains sub-
stantial for certain high risk operations and neonatal
palliations. Surgical modifications have had significant
impact on mortality, but intensivists must continue to

find ways to improve outcomes in the highest risk pa-
tients.

Goal-directed therapy (GDT) has also been shown to
substantially improve patient outcome in critical illness
[1–5]. GDT utilizes an algorithm to modify therapy in
order to achieve a predetermined goal. Variables are
measured at regular intervals to monitor progress. When
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the variables are not improving satisfactorily, therapy is
escalated to achieve the desired goal.

Point-of-care testing (POCT) or near-patient testing is
defined as performing any laboratory test at or near the
site of patient care. POCT is usually associated with a
rapid turn around time (TAT), allowing clinicians to make
important decisions in prompt fashion. This should result
in improved outcomes [6, 7].

The influence of both POCT and GDT on the out-
comes of pediatric cardiac surgical patients has never
been evaluated. We believed that blood lactate could
become a treatment end point for our relatively homo-
geneous group of patients (those suffering from or po-
tentially suffering from low cardiac output syndrome after
heart surgery). The short TAT for obtaining lab results via
a POCT device made it possible for us to develop a GDT
algorithm based on blood lactate values. We assumed the
combination of POCT and GDT aimed at normalizing
blood lactate levels would increase survival after heart
surgery. In this study we evaluated the impact of the
combination of these changes on the mortality rate in
pediatric cardiac surgical patients.

Patients and methods

Patients

All patients undergoing cardiac surgery in a 268-bed free-standing
Children’s Hospital from June 1995 through September 2003 were
included in the study. Patients were recovered in a 12-bed cardiac
intensive care unit (CICU). Care was rendered by a multidisci-
plinary cardiovascular team.

The outcomes of all patients undergoing CHS from July 2001
through September 2003 (group B) were compared to historical
cohorts operated on from June 1995 through June 2001 (group A).
There were 1,656 patients in group A and 710 patients in group B.
Patients in group B were smaller and younger than those in group A

(median weight 6.2, range 0–114 kg vs 8, range 0–127 kg, p<0.001;
median age 184, range 0–19,746 days vs 327, range 0–26,423 days,
p=0.004). Neonates accounted for 29% of group B patients vs 19%
of group A patients. A total of 64% of group B patients were less
than 1 year of age at the time of surgery, vs 51% of group A. Patient
demographics are shown in Table 1.

Study design

Near-patient testing in the form of a POCT device, the i-Stat ana-
lyzer (Abbott) was introduced to the CICU in July of 2001. The
analyzer is a hand-held device, which uses cartridges to perform a
variety of laboratory tests. Twenty microliters of blood are instilled
into the cartridge, which is then inserted into the analyzer. Subse-
quently the result is displayed on the analyzer’s screen, printed out
and reviewed by the team members. The authors received no
support, financial or otherwise, for the development or implemen-
tation of this project.

From July 2001 through July 2003, serial arterial blood lactate
levels were measured in all postoperative patients. An algorithm was
developed to direct physician response to changing lactate levels
(Fig 1). Routine measurement of blood lactate was discontinued
when the blood lactate level returned to normal (<2.2 mmol/l for the
purpose of our study). In neonates, blood lactate was measured
hourly for the first 4–6 h after admission to the CICU. If the lactate

Table 1 Demographic data

Group A Group B p value

Total number of patients 1,656 710
Neonates 321 202
Infants 533 248
Median age, days (range) 327 185.5 <0.001
Median weight, kg (range) 8 6.2 <0.001
RACHS score (mean) 2.3 2.2 NS
Mean cardio-pulmonary
bypass time, min (CL)

118 (€3.5) 147 (€1.7) <0.001

Mean aortic cross-clamp
time, min (CL)

57 (€2.2) 83 (€4.6) <0.001

NS not significant, CL confidence limits

Fig. 1 Clinical algorithm for postoperative management of patients based on serial lactate determinations. Note: Lactate is repeated every
1 h for first 4–6 h in neonates. Lactate may also be repeated more frequently at the discretion of the clinician
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level was less than 5 mmol/l or if the lactate trend was acceptable
(decrease of more than 0.5 mmol/l per h), lactate was measured
every 4–6 h until normal. For all other patients lactate was measured
serially every 4–6 h. The frequency of serial lactate monitoring
could be increased at the physician’s discretion if the clinical situ-
ation warranted it. Medical management of a patient was escalated if
his/her blood lactate was noted to be rising or if the fall in lactate
was less than 0.5 mmol/l per h. Escalation of medical management
was individualized for each patient based on the attending physi-
cian’s or physician extender’s perception on how best to improve
systemic oxygen delivery or diminish oxygen consumption (improve
the ratio of oxygen delivery to oxygen consumption).

Outcome data for patients undergoing POCT was collected
prospectively for later review. The outcome data was collected and
stored utilizing the CardioAccess database (CardioAccess, Fort
Lauderdale, Fl).

The operative risk for all patients undergoing heart surgery was
determined according to the RACHS-1 (Risk Adjustment for
Congenital Heart Surgery [8]) scoring system. RACHS-1 divides
the surgeries into six categories, with category 1 being the lowest
mortality operations and category 6 being the surgeries associated
with the highest mortality.

Statistical analysis was performed using Sigma Stat for Win-
dows Version 2.03, SPSS (Chicago, IL). Chi Square analysis was
used to detected differences in mortality between groups. Mann
Whitney rank sum analysis was used to determine differences in
demographic data between groups.

Results

Risk Adjustment for Congenital Heart Surgery-1 scores
were similar between the groups. The patients in group B
had significantly longer cardiopulmonary bypass times
and aortic cross-clamp times (Table 1).

Figure 2 demonstrates mortality for patients undergo-
ing surgery as related to age in groups A and B, and for
the 27 months prior to July 2001 (27 months before group
B). We believed the 27 months prior to beginning our
GDT protocol would provide the most similar cohort to
the 27 months of group B data reported. Mortality for all
the patients in group B was lower than that for patients in
group A (1.8 vs 3.7%, p<0.02). Mortality for the group of
patients undergoing CHS in the 27 months prior to the
introduction of i-Stat was 4.4%, nearly identical to group
A patients. Comparing groups A and B, no difference in
mortality was noted in patients older than 1 year, but a
very significant difference was present in patients less
than 1 year (p=0.008). Neonatal mortality was also sig-
nificantly decreased for patients in group B (p=0.001).
The yearly neonatal mortality for patients undergoing
CHS is shown in (Fig. 3). There was no evidence of de-
clining neonatal surgical mortality prior to the introduc-
tion of the i-Stat GDT protocol.

The patient outcomes were also grouped according to
the risk of the surgery performed (RACHS-1 scores). This
is shown in Fig.4. The patients in RACHS-1 categories 1
& 2, 3 & 4 and 5 & 6 were grouped together. Grouping
was performed because the number of patients in each
individual RACHS-1 category was sometimes small,
making statistical comparison between groups A and B
difficult. In the lower risk RACHS 1 & 2, there is no
difference in mortality between groups A and B. How-
ever, in RACHS 3 & 4 and in 5 & 6, group B has sig-
nificantly lower mortality than group A. When patients
are grouped into low risk (RACHS-1 categories 1 and 2)

Fig. 2 Mortality as related to age at surgery. Pre-GDT era (group A) is shown in solid black bars, era in the 27 months preceding GDT is
shown with stripped bars, GDT era (group B) is denoted in white bars
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and higher risk groups (RACHS-1 categories 3–6), a very
significant decrease in mortality is noted for patients in
group B undergoing higher risk surgery. Mortality for
group A patients undergoing higher risk surgery was 9%
as compared to 3% in group B patients (p=0.006).

Discussion

In July of 2001, the i-Stat blood gas analyzer was intro-
duced to the CICU at Miami Children’s Hospital. The
i-Stat was intended to replace most of the functions pro-
vided by our “stat lab” and allow us to measure blood
lactate levels with a rapid TAT. The decision to incor-

porate the i-Stat into our practice was based on the fol-
lowing premise. First, we wanted to establish a practice
that incorporated near-patient testing associated with the
shortest possible TAT of essential laboratory data for
managing patients after heart surgery. The TAT for crit-
ical lab data is 120 s for the i-Stat analyzer. Our belief
was that this would allow the clinician to react promptly
to changing physiologic conditions. Second, we elected to
establish lactate as an objective indicator of oxygen debt.
Investigators have suggested that the duration of time
where the lactate remains elevated (so called “lactime”) is
more important than a single lactate value in predicting
mortality [9]. These investigators stressed the importance
of serial lactate measurements. Our goal was to attempt to

Fig. 3 Annual neonatal mortal-
ity after congenital heart sur-
gery at Miami Children’s Hos-
pital. Group A patients are
shown in black bars, group B
patients are shown in white bars

Fig. 4 Mortality, related to
RACHS-1 categories
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minimize “lactime” by establishing clinical guidelines
directed at normalizing blood lactate levels. We believed
that the combination of these changes in clinical practice
would result in improved survival for patients undergoing
CHS.

With the addition of the POCT device, a therapeutic
strategy was devised using an algorithm based on serial
lactate levels to guide medical therapy. Rising or elevated
lactate was assumed to be secondary to diminished sys-
temic oxygen delivery in this patient population. Based on
the blood lactate level, medical therapy was escalated,
unchanged or diminished (Fig. 1). Methods of escalating
medical therapy differed from patient to patient and were
determined by the patient’s attending physician based on
other available clinical data. Treatment was individualized
for each patient and might include transfusion to increase
oxygen content of blood, escalation of inotropic support,
initiation of additional inotropic agents, augmenting or
adding systemic afterload reduction, changing ventilator
settings or any maneuver thought best to increase systemic
oxygen delivery. Clinicians might also choose to diminish
oxygen consumption with sedatives, analgesics or the use
of neuromuscular blockade. If the lactate trend was
downward, the medical therapy was continued and then
slowly decreased. If, in spite of maximal medical therapy,
the blood lactate level was increasing or persistently high
(more than 10), then this was used as an indication to
initiate mechanical cardiopulmonary support.

The combination of a GDT-based postoperative man-
agement protocol and POCT resulted in a marked decrease
in mortality for patients undergoing CHS in our institution.
This decrease in mortality was achieved despite the fact
that patients in group B were younger, smaller and un-
dergoing longer and higher risk operations. It seems un-
likely that the decrease in mortality was related to a
generalized trend of diminished mortality for children
undergoing CHS. The data for the 27 months prior to the
introduction of our GDT protocol fails to indicate any
perceptible improvement in outcomes (Fig. 2).

Lactate can reflect the adequacy of systemic oxygen
delivery in critical illness [10, 11]. The adequacy of
systemic oxygen delivery is dependent on both the mag-
nitude of oxygen delivery and the metabolic demands of
the patient. In patients recovering from CHS, elevation of
lactate is most often related to an imbalance in the rela-
tionship of oxygen delivery to oxygen consumption. This
imbalance can be complicated by liver and renal dys-
function (the organs primarily responsible for the me-
tabolism of lactate). Improving tissue oxygen delivery in
this population may, therefore, both diminish the pro-
duction of lactate and improve the metabolism of lactate,
resulting in a decrease in blood lactate.

Blood lactate has been used for years to reflect cardiac
output, to assess the relationship of oxygen delivery to
oxygen consumption and to help predict outcomes in high
risk patients [12–14]. Lactate also reflects hemodynamic
changes rapidly. Acute decreases in oxygen delivery are

associated with a rapid increase in blood lactate level.
Likewise, restoration of normal oxygen delivery results in
a rather prompt restoration of blood lactate to normal
levels [15].

Lactate monitoring has been shown to predict outcome
in patients after CHS. Charpie evaluated neonates after
complex CHS and found that poor outcome was associ-
ated with both an elevated initial lactate and an increase
in lactate of 0.75 mmol/l per h [12]. High plasma lactate
values in neonates with hypoxemia have been shown to be
predictive of adverse neurodevelopmental outcome [16].

In goal-oriented or GDT, medical management is
augmented or altered until the treatment goal (or resus-
citation end point) is reached (in our study, until lactate
had normalized or begun to trend downward) [17, 18].
Therapy directed at resuscitation end points, such as
mixed venous oxygen saturation (SvO2), blood lactate
concentration, pH and base deficit, remain the cornerstone
of GDT in the critically ill.

The efficacy of GDT in the critically ill has been the
subject of numerous clinical and experimental studies and
meta-analyses [1–5, 19–21]. Shoemaker documented that
there was a strong relationship between the duration and
magnitude of oxygen debt and outcomes in high risk
surgical patients [22]. He speculated that increasing
oxygen delivery would minimize or prevent oxygen debt
and improve outcomes. Rivers, in a prospective study of
patients with severe sepsis/septic shock, attempted to di-
minish mortality with a GDT protocol [1]. The GDT
group was noted to have significantly lower mean lactate
concentration, higher pH, less severe organ dysfunction
and markedly improved survival.

In a meta-analysis of high risk patients, the effect of
hemodynamic optimization on outcome was analyzed
[21]. After review of 21 studies, the authors concluded
that early hemodynamic optimization resulted in a sta-
tistically significant decrease in mortality. The difference
was more pronounced in those most severely ill. These
findings are consistent with ours. By augmenting systemic
oxygen delivery to achieve predetermined blood lactate
goals, survival in our patients was increased most in those
undergoing the highest risk operations (RACHS-1 cate-
gories 3–6) and in those thought to be the highest risk age
group (neonates).

Despite mounting evidence suggesting GDT can im-
prove outcome in critically ill adult patients, there is a
scarcity of literature supporting its use in critically ill
children. Rossi used mixed venous oxygen saturations
(SvO2) to guide therapy in patients after the Norwood
procedure [23]. Medical therapy was augmented or al-
tered in an attempt to optimize both the SvO2 and the ratio
of systemic to pulmonary blood flow, with a resultant
increase in survival.

Survivors of CHS are noted to have evidence of in-
adequate oxygen delivery that usually resolves within
24 h of surgery [12, 23–25]. Estimating the adequacy of
oxygen delivery in this patient population remains diffi-
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