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Abstract

Objective: To evaluate the discriminative ability of hyperlactataemia for early morbidity and
mortality in neonates with CHD following cardiac surgery. Methods: Retrospective, observa-
tional study of neonates who underwent cardiac surgery on cardiopulmonary bypass at a
tertiary care children’s hospital from June 2015 to June 2019. The primary predictor was lactate.
The primary composite outcome was defined as ≥1 of the following: cardiac arrest or extra-
corporeal membrane oxygenation within 72 hours or 30-day mortality post-operatively. The
secondary outcome was the presence of major residual lesions, according to the Technical
Performance Score. Results: Of 432 neonates, 28 (6.5%) sustained the composite outcome.
On univariate analysis, peak lactate within 48 hours, increase in lactate from ICU admission
through 12 hours, and single ventricle physiology were significantly associated with the
composite outcome. The peak lactate occurred at a median of 2.9 hours (interquartile range:
1, 35) before the event. Through multi-variable analysis, a multi-variable risk algorithm was
created. Predicted probabilities demonstrated an increasing risk based on single ventricle status
and delta lactate, ranging from 1.8% (95% CI: 0.9, 3.9) to 52.4% (95% CI: 32.4, 71.7). The model
had good discriminative ability for the composite outcome on receiver operating characteristic
analysis (area under the curve= 0.79; 95%CI: 0.75, 0.89).Moreover, a peak lactate of 7.3mmol/l
or greater was significantly associated with the presence of a major residual lesion (odds ratios:
5.16, 95% CI: 3.01, 8.87). Conclusions:We present a simple, two-variable model, including delta
lactate in the immediate post-operative period and single ventricle status, to prognosticate the
risk of early morbidity and mortality in neonates undergoing cardiac surgery for potential
intervention.

Neonates with CHD who undergo cardiac surgery on cardiopulmonary bypass are at high risk
for major morbidity and mortality post-operatively. According to the Society for Thoracic
Surgery Congenital Heart Surgery Database from 2014 to 2018, neonates had an operative mor-
tality rate of 8.1% compared to rates of 2.7 and 1.0% in their infant and child counterparts,
respectively.1

Several neonatal-specific risk factors for adverse outcomes following cardiac surgery have
been identified, such as gestational age, low birth weight, the complexity of the surgical pro-
cedure, and single ventricle physiology.2–5 A pre-operative model to predict risk of mortality
in neonates undergoing cardiac surgery has also previously been developed. The model is com-
posed of four variables, including two-ventricle versus single ventricle surgery, Apgar score,
coexisting genetic syndrome, and age at pre-surgical hospital admission. This model was found
to predict risk of 35-day post-operative mortality with an area under the curve of 0.80.6 The
predominant focus of these prior investigations has been on pre- and intra-operative factors
rather than on the post-operative pathophysiology that precedes major adverse outcomes
and death.

Lactate is a by-product of anaerobic metabolism and thus is a potential surrogate marker of
inadequate tissue oxygenation. Consequently, lactate has been evaluated as a biomarker to risk
stratify patients who undergo cardiac surgery. In particular, hyperlactataemia in neonates fol-
lowing cardiac surgery has been shown to be associated with and predictive of a higher risk for
major complications and mortality. However, small patient numbers, the variable timing of lac-
tate measurements, and different outcome measures make definitive interpretation of other
published studies problematic.7–10 Hence, the clinical applicability of lactate as a risk assessment
tool for neonates post-cardiac surgery has yet to be clearly delineated.

In this study, we aim to evaluate the ability of hyperlactataemia to primarily predict acute
post-operative complications andmortality and to secondarily indicate the presence of clinically
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significant residual lesions in a large cohort of neonates following
cardiac surgical repair or palliation. We hypothesise that post-
operative hyperlactataemia will have clinical utility in the predic-
tion of adverse outcomes post-operatively following neonatal
cardiac surgery.

Materials and methods

Study design

Following approval by the institutional review board at Boston
Children’s Hospital, a retrospective, observational study was per-
formed in neonates (age ≤ 30 days) with CHDwho underwent sur-
gical correction or palliation on cardiopulmonary bypass from
June 2015 through June 2019.

The primary explanatory variable was blood lactate levels
(mmol/l) at defined time points and intervals, as follows: the value
on admission to the cardiac ICU following transfer from the oper-
ating room; the delta level from cardiac ICU admission to 12 hours;
and the peak value within the initial 48 post-operative hours in the
cardiac ICU or earlier if the defined outcome occurred prior to 48
hours. Blood lactate levels are routinely collected on cardiac ICU
admission and frequently thereafter (i.e. 12, 24, 48 hours, andmore
often if clinically indicated) during the acute post-cardiac surgery
period, allowing for it to be studied accordingly. The covariates
included pre-operative patient characteristics (age, gender, gesta-
tional age), surgical complexity as defined by the Society of
Thoracic Surgeons-European Association for Cardio-Thoracic
Surgerymortality category, the need for emergent surgery, and sin-
gle ventricle physiology. The patients were specifically stratified
into two risk categories, Society of Thoracic Surgeons-European
Association for Cardio-Thoracic Surgery categories 1, 2, and 3 ver-
sus Society of Thoracic Surgeons-European Association for
Cardio-Thoracic Surgery categories 4 and 5, given the small num-
ber of neonates who underwent surgeries classified as Society of
Thoracic Surgeons-European Association for Cardio-Thoracic
Surgery 1, 2, or 3.

The primary endpoint was a composite outcome, defined as
having one or more of the following adverse events: need for
extracorporeal membrane oxygenation support or cardiac arrest
within 72 hours or in-hospital mortality within 30 days post-
operatively. The secondary outcome was the adequacy of surgical
repair as measured by the technical performance score. The tech-
nical performance score is a tool that was developed to grade
the adequacy of surgical repair as ‘Class 1: trivial or no residua,
optimal; Class 2: minor residua, adequate; or Class 3: major
residua or reintervention for major residua during index hospi-
talisation, inadequate’ based on echocardiographic and clinical
criteria.11,12

Data collection

The institutional electronic database was queried for all neonatal
cardiac surgery encounters. In addition to the aforementioned
explanatory variable and covariates, additional patient demo-
graphics and intraoperative data were collected. Patients were
excluded if any of these variables were missing or if they were can-
nulated to extracorporeal membrane oxygenation intraoperatively
prior to cardiac ICU admission. If a patient had multiple surgical
encounters, only the initial surgery was included. The components
of the composite outcome were collected via review of the elec-
tronic medical record and verified by two members of the research
team.

Statistical analysis

Demographics, patient characteristics, and outcomes were pre-
sented as a median (interquartile range) for continuous variables
and as a frequency (%) for categorical variables. The Wilcoxon
rank sum test was applied to compare lactate levels between those
who had the outcome versus those who did not. Univariate and
multi-variable logistic regressions were utilised to evaluate the
association between the primary explanatory variable and covari-
ates with the composite outcome. Statistically significant variables
in univariate modelling with p< 0.05 were included in the multi-
variable analyses. Due to collinearity between lactate measures,
each lactate variable was examined in separate multi-variable
models to determine if each was an independent predictor of
the composite outcome after adjusting for significant baseline fac-
tors and characteristics. The results are displayed as odds ratios
with 95% CI. To analyse the discriminatory ability of the lactate
measures that were found to be significant independent predictors
of the composite outcome from multi-variable modelling, receiver
operating characteristic curve analysis was used and the area
under the receiver operating characteristic curve was obtained.
Sensitivity, specificity, positive predictive value, and negative pre-
dictive value were calculated at various lactate thresholds. Positive
predictive value and negative predictive value were calculated
using Bayes’ formula in order to incorporate the prevalence of
the composite outcome. Youden’s J index was used to determine
the optimal cut-points to maximise the sum of sensitivity and
specificity. A two-sided α level of 0.05 was used to determine stat-
istical significance.

The significant independent predictors identified in the
multi-variable logistic regression were included in a risk model.
Continuous variables were dichotomised according to their opti-
mal cut-points based on Youden’s J index. Predicted probabilities
of the outcome were calculated for each covariate pattern with a
95% CI. Model performance of the multi-variable risk score was
evaluated by the area under receiver operating characteristic curve
as measure of discrimination and by the concordance calibration
coefficient and the Brier score to evaluate calibration. An area
under the curve of at least 0.70 was considered to demonstrate
good model discrimination.13 An internal bootstrap model valida-
tion was performed with 1000 bootstrap resamples to evaluate the
internal validity of the multi-variable risk model.14

As a secondary analysis, the associations between lactate and
discharge technical performance score were examined using logis-
tic regression modelling and receiver operating characteristic
analysis.

Statistical analysis was performed using Stata (version 16.0;
StataCorp, College Station, TX, USA).

Results

A total of 470 patients were reviewed. Thirty-eight patients were
excluded due to missing technical performance score data related
to incomplete echocardiographic data; 432 neonates were ulti-
mately included in the analysis. Patient demographics and other
characteristics are displayed in Table 1. The incidence of the
composite outcome was 6.5% (28/432). Forty-six percent of the
adverse events occurred within 12 hours of admission to the car-
diac ICU post-operatively (Table 2). The post-operative time to
composite outcome is the time to the first adverse event in patients
who had more than one adverse event.
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Neonates who sustained the composite outcome had signifi-
cantly higher lactate levels on cardiac ICU admission and peak lac-
tate levels within 48 hours compared to those without the outcome
with medians of 6 mmol/l (interquartile range: 3.9, 7.8) versus
4.1 mmol/l (interquartile range: 2.9, 6.3) (p = 0.006) and
6.1 mmol/l (interquartile range: 4.6, 10.6) versus 4.6 mmol/l (inter-
quartile range 3.3, 6.4), respectively (p = 0.004). In patients with
the outcome, the peak lactate was measured at a median of 2.9
hours (interquartile range: 1, 35) prior to the adverse event.
Those with the outcome had an increase in median lactate level
(0.4 mmol/l; interquartile range: −2.1, 3) from cardiac ICU arrival
to 12 hours compared to those without the outcome who had a
decrease in median level (−0.8 mmol/l; interquartile range: −2,
0.2) (p= 0.005) (Fig 1).

The lactate level on cardiac ICU arrival (odds ratios: 1.21; 95%CI:
1.07, 1.37), the peak lactate value (odds ratios: 1.22; 95% CI: 1.11,
1.35), and the delta lactate level from cardiac ICU admission to
12 hours (odds ratios: 1.26; 95% CI: 1.09, 1.45) were significantly
associated with the composite outcome on univariate analysis.
Single ventricle physiology (odds ratios: 4.16; 95% CI: 1.87, 9.28)
was also statistically significant. The remaining covariates, including
prematurity, weight, Society of Thoracic Surgeons-European
Association for Cardio-Thoracic Surgery category, and the need
for emergent surgery, did not reach statistical significance (Table 3).

On multi-variable analysis while adjusting for single ventricle
physiology, an increase in lactate level from cardiac ICU admission
to 12 hours was a significant independent predictor of the
composite outcome (odds ratios: 1.28 per mmol/l; 95% CI: 1.11,
1.49). Single ventricle physiology (odds ratios: 4.92; 95% CI:

2.15, 11.29) was independently associated with the outcome with
adjustment for lactate measures.

On receiver operating characteristic analysis, delta lactate level
had fair discrimination regarding the composite outcome with an
area under the curve of 0.658 (95% CI: 0.522, 0.794). Per Youden’s
J index, a cut-point for a change in lactate ≥1.6 mmol/l maximised
sensitivity (46%) and specificity (91%). The positive predictive
value and the negative predictive value were 26 and 96%,
respectively.

A risk model for the composite outcome based on delta lactate
from ICU arrival to 12 hours ≥1.6 mmol/l and single ventricle
physiology is presented in Table 4. The evaluation of performance
of the risk score revealed good discrimination (area under the
curve= 0.792; 95% CI: 0.701, 0.882) and calibration (concordance
calibration coefficient= 0.95; Brier score= 0.07). Internal boot-
strap model validation of the risk score using 1000 bootstrap
resamples determined a bias-corrected Somers’ D rank correlation
of 0.64 and Nagelkerke R2 of 0.30. The bias-corrected intercept and
slope of the logistic calibration equation were 0.03 and 1.01, respec-
tively. Therefore, the bootstrap resampling results indicate strong
internal validity of the predictivemulti-variable risk score. As dem-
onstrated in Table 4, there was a predicted probability of 1.8% (95%
CI: 0.9–3.9%) when neither risk factor is present, and there was a
predicted probability for the composite outcome of 52.4% (95%CI:

Table 1. Demographics and patient characteristics

Variable Median (IQR) or n (%)

Number of cases 432

Age (days) 5 (3, 8)

Weight (kg) 3.2 (2.8, 3.5)

Body surface area (m2) 0.21 (0.19, 0.22)

Male 249 (58%)

Prematurity

24–36 weeks 32 (7%)

>36 weeks 61 (14%)

Term 339 (78%)

STAT category (n= 427)

1 13 (3%)

2 28 (7%)

3 74 (17%)

4 213 (49%)

5 99 (23%)

Emergent procedure 130 (30%)

Physiology

Single ventricle 140 (32%)

Biventricular 292 (68%)

Data are presented for the number of cases with non-missing observations for each variable
STAT = Society of Thoracic Surgeons-European Association for Cardio-Thoracic Surgery;
TPS = technical performance score

Table 2. Post-cardiac surgery adverse outcomes

Outcome n (%)

Composite outcome*

Yes 28 (6.5)

No 404 (93.5)

Cardiac arrest within 72 hours

Yes 20 (4.6)

No 412 (95.4)

ECMO within 72 hours

Yes 10 (2.3)

No 422 (97.7)

Intra-hospital mortality within 30 days

Yes 11 (2.6)

No 421 (97.4)

Post-operative time to composite outcome

0 to < 6 hours 11/28 (39.3)

6 to < 12 hours 2/28 (7.1)

12 to< 24 hours 3/28 (10.7)

24 to< 48 hours 7/28 (25)

48 to≤ 72 hours 5/28 (17.9)

TPS (n= 411)

1 228 (55)

2 102 (25)

3 81 (20)

ECMO = extracorporeal membrane oxygenation; TPS = technical performance score
*The composite outcome includes patients who had one or more of any of the three
outcomes: cardiac arrest or extracorporeal membrane oxygenation within 72 hours or
in-hospital mortality within 30 days post-cardiac surgery
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32.4–71.7%) when single ventricle physiology and delta lactate
≥1.6 mmol/l are observed.

In a secondary analysis of lactate measurements versus dis-
charge technical performance score, 20% (80/432) of neonates
were found to have a discharge technical performance score of
3. Peak lactate was significantly independently associated with dis-
charge technical performance score of 3 (odds ratios per mmol/l:
1.27; 95% CI: 1.14, 1.42), while adjusting for other lactate measures
and single ventricle physiology. Median and interquartile ranges
for peak lactate by discharge technical performance score are dis-
played in Figure 2. From receiver operating characteristic analysis,
it was found that a peak lactate ≥7.3 mmol/l maximised the
combination of sensitivity (45%) and specificity (86%) in predicted
discharge technical performance score of 3. This cut-off was asso-
ciated with 5.16 times the odds of discharge technical performance
score of 3 (odds ratios: 5.16; 95% CI: 3.01, 8.87).

Discussion

The present study of neonates with CHDwho undergo cardiac sur-
gery demonstrates that the combination of the immediate post-
operative trend in blood lactate and the single ventricle physiologic
status provides a strong predictive model to identify those that are
at high risk for early extracorporeal membrane oxygenation and
cardiac arrest and 30-day mortality. In addition, peak blood lactate
in the early post-cardiac surgery period is associated with signifi-
cant residual lesions that may ultimately require intervention.

Blood lactate offers several advantages in the prediction of
adverse outcomes in neonates following surgery for CHD.
Hyperlactataemia is a consequence of the full range of pathophy-
siologic states that lead to major morbidity and mortality in this
population, including decreased cardiac output, inadequate oxy-
gen delivery, increased metabolic demand, and capillary leak syn-
drome. In addition, blood lactate is a practical laboratory test that is

routinely available with results provided within the hour, allowing
for anticipation of impending cardiovascular decompensation.
While this study and others have demonstrated a significant asso-
ciation between hyperlactataemia and adverse outcomes in neo-
nates who undergo cardiac surgery, use of lactate as a single
predictor at the bedside is challenging. One such challenge is
the lack of a consistent definition of hyperlactataemia. In addition,
the post-operative time frames over which lactate has been ana-
lyzed differ among studies. In an analysis of 221 neonates who
underwent theNorwood procedure with Sanomodification, failure
to clear lactate to <6.76 mmol/l within the initial 24 post-operative
hours was discriminatory for 30-day mortality.15 Time to normal-
isation of lactate levels of >48 hours was predictive of mortality
among a small cohort of 22 neonates.16 Schumacher et al demon-
strated that a rate of increase in lactate of ≥0.6 mmol/l per hour
during the initial 24 post-operative hours was discriminatory for
the need for extracorporeal membrane oxygenation, the need for
dialysis, and mortality in a subgroup of 86 neonates with single
ventricle and biventricular CHD.7 These differences in study
design preclude the ability to make direct comparisons of lactate
as an independent predictor for clinical application.

In our study of a large cohort of neonates undergoing predomi-
nantly highly complex cardiac surgery, an absolute change in lac-
tate ≥1.6 mmol/l from cardiac ICU admission to 12 hours was an
independent predictor of early adverse events and 30-daymortality
post-operatively. Greater than half of the adverse events occurred
after 12 hours; therefore, the delta level from admission to 12 hours
should permit adequate time for planning. However, 39.3% of
patients experienced the adverse event within 6 hours of CICU
admission, which is important to note given that haemodynamic
decompensation, such as low cardiac output, can occur in the more
immediate hours following cardiopulmonary bypass and cardiac
surgery. Although the evaluation of lactate should occur at a fre-
quency that is feasible for clinical practice, an earlier follow-up

Figure 1. The distribution of blood lactate levels* according to the composite outcome**. (a) The lactate level on post-operative admission to the cardiac ICU. (b) The peak
lactate level within 48 hours post-operatively, or prior to the outcome if it occurred prior to 48 hours. (c) The change in lactate level from cardiac ICU admission to 12 hours
post-operatively. *The lactate level is expressed as a median value with an interquartile range; **The composite outcome includes patients who had one or more of any of the
three outcomes: cardiac arrest or extracorporeal membrane oxygenation within 72 hours or in-hospital mortality within 30 days post-cardiac surgery.
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lactate level (e.g. 2–6 hours) can potentially improve the prediction
of events that occur within the first 12 hours following CICU
arrival.

Acknowledging the shortcomings of lactate as a single predic-
tor, as well as the potential contribution of non-pathologic
etiologies to hyperlactataemia, we included additional factors
into the post-operative risk assessment of neonates with CHD
(Table 3). Similar to prior studies, single ventricle physiology

was found to be an independent predictor on univariate analysis
of adverse outcomes and mortality post-cardiac surgery.5 It was
also found to be a predictor in the multi-variable analysis along
with a delta lactate ≥1.6 mmol/l from ICU arrival to 12 hours.
The presence of single ventricle physiology and a 12-hour delta
lactate of ≥1.6 mmol/l yielded a 52.4% probability of cardiac arrest,
extracorporeal membrane oxygenation, or mortality, which is
more than 6-fold and 2-fold the probability of either risk fac-
tor alone.

Interestingly, we did not find a significant association between
higher risk procedures (as determined by Society of Thoracic
Surgeons-European Association for Cardio-Thoracic Surgery
mortality categories) and the composite outcome. This finding
may be explained by higher proportions of complex CHDs in
our patient population, as indicated by the 72% of patients who
were categorised as Society of Thoracic Surgeons-European
Association for Cardio-Thoracic Surgery 4 or 5 in our study. Of
note, we elected to dichotomise the Society of Thoracic
Surgeons-European Association for Cardio-Thoracic Surgery cat-
egory due to a limited number of composite events in order to fit a
parsimonious multi-variable model. It is likely that physiologic
compromise following surgical repair or palliation due to the pres-
ence of a substantial residual lesion or single ventricle status is a
more important determinant of outcome than the technical com-
plexity of the procedure itself. We did not include the duration of
cardiopulmonary bypass as a variable in our analyses. Although
cardiopulmonary bypass is known to induce systemic inflamma-
tion, which can lead to capillary leak and other hemodynamic
derangements, several studies have revealed no association
between cardiopulmonary bypass duration and mortality in neo-
nates.7,9,16 In fact, it has been demonstrated that the time spent with
mean arterial pressure< 25 mmHg during cardiopulmonary

Table 3. Univariate logistic regression analysis of the composite outcome**

Variable OR 95% CI p Value

Age (days) 1 0.95, 1.06 0.869

Weight (kg) 0.62 0.32, 1.21 0.164

Body surface area (m2) 0.06 0, 3367 0.621

Gender

Female 1.65 0.77, 3.56 0.202

Male Reference

Prematurity

24–36 weeks 0.48 0.06, 3.76 0.491

>36 weeks 1.65 0.64, 4.28 0.301

Term Reference

STAT category

1, 2, 3 Reference

4, 5 1.59 0.58, 4.31 0.365

Emergent procedure 0.92 0.40, 2.16 0.856

Single ventricle
(versus biventricular)

4.16 1.87, 9.28 <0.001*

Lactate on ICU arrival
(mmol/l)

1.21 1.07, 1.37 0.002*

Peak lactate (mmol/l) 1.22 1.11, 1.35 <0.001*

Delta lactate from ICU
arrival to 12 hours
(mmol/l)

1.26 1.09, 1.45 0.001*

OR = odds ratio; CI = confidence interval; STAT = Society of Thoracic Surgeons-European
Association for Cardio-Thoracic Surgery; TPS = technical performance score
*Statistically significant
**The composite outcome includes patients who had one or more of any of the three
outcomes: cardiac arrest or extracorporeal membrane oxygenation within 72 hours or
in-hospital mortality within 30 days post-cardiac surgery

Table 4. Predicted probability of the composite outcome*

Single
ventricle
physiology

Delta lactate from ICU
arrival to 12 hours ≥ 1.6
mmol/l

Probability
of

composite
outcome*

95%
Confidence
interval

Yes Yes 52.4% 32.4–71.7%

No Yes 19.0% 9.5–34.5%

Yes No 8.1% 4.6–13.8%

No No 1.8% 0.9–3.9%

*The composite outcome includes patients who had one or more of any of the three
outcomes: cardiac arrest or extracorporeal membrane oxygenation within 72 hours or
in-hospital mortality within 30 days post-cardiac surgery

Figure 2. The distribution of peak lactate level within 48 hours post-operatively by
discharge TPS. Patients with discharge TPS of 3 had significantly higher peak lactate
values than patients with discharge TPS of 1 or 2.
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bypass is associated with increased lactate (per 30 min) (coefficient
= 0.423; 95% CI 0.196–0.651; p< 0.001) or duration of circulatory
arrest (per 30 min) (coefficient = 1.216; 95% CI 0.754–1.678;
p< 0.001).17

We specifically evaluated the technical performance score as a
secondary outcome as several studies have demonstrated that sub-
optimal surgical repair is significantly associated with a greater
severity of illness and a higher rate of mortality in neonates follow-
ing cardiac surgery.18–20 A peak lactate ≥7.3 mmol/l within 48
hours was found to be indicative of a discharge technical perfor-
mance score of 3. Therefore, peak lactate levels can help to quantify
the physiologic impact of residual lesion post-cardiac surgery and
should prompt early echocardiography for possible surgical or
catheter-based intervention.

Our study is limited by its retrospective study design. Notably,
however, no patients were excluded for missing lactate data, there-
fore eliminating the bias that lactate was evaluatedmore frequently
in neonates who were more critically ill and at higher risk.
Although our data were obtained from a large referral centre for
neonates with highly complex CHD, it must be acknowledged that
this is a single institution dataset. Consequently, external valida-
tion is needed to generalise its applicability.

Conclusion

In summary, we present a discriminative simple and objective two-
variable model to risk stratify neonates following cardiac surgical
repair or palliation. This model highlights the impact of single ven-
tricle physiology along with hyperlactataemia to distinguish at-risk
neonates. In addition, peak lactate has been shown to be predictive
of worse (Class 3) technical performance score and thus can guide
earlier investigation and intervention on major residual lesions.
The availability of a neonatal risk stratification tool could lead
to improved outcomes via early identification and intervention
of impending adverse events.

Acknowledgements. The authors thank the Information Technology team at
the Department of Anesthesiology, Critical Care and Pain Medicine, the
Department of Cardiac Surgery, and the Neonatal Cardiac Care
Collaborative at Boston Children’s Hospital.

Financial support. This study was solely supported by the Department of
Anesthesiology, Critical Care and Pain Medicine at Boston Children’s
Hospital, Harvard Medical School, Boston, MA.

Conflict of interest. None.

Ethical Standards.This study was approved by the Institutional Review Board
of Boston Children’s Hospital.

References

1. The STS Congenital Heart Surgery Database. Retrieved March 1, 2020;
from https://www.sts.org/registries-research-center/sts-national-database/
congenital-heart-surgery-database

2. Costello JM, Pasquali SK, Jacobs JP, et al. Gestational age at birth and out-
comes after Neonatal cardiac surgery: an analysis of the Society of Thoracic
Surgeons Congenital Heart Surgery Database. Circulation 2014; 129:
2511–2517.

3. Curzon CL, Milford-Beland S, Li JS, et al. Cardiac surgery in infants with
low birth weight is associated with increased mortality: Analysis of the
Society of Thoracic Surgeons Congenital Heart Database. J Thorac
Cardiovasc Surg 2008; 135: 546–551.

4. O’Brien SM, Clarke DR, Jacobs JP, et al. An empirically based tool for ana-
lyzing mortality associated with congenital heart surgery. J Thorac
Cardiovasc Surg 2009; 138: 1139–1153.

5. KansyA, Tobota Z,Maruszewski P,Maruszewski B. Analysis of 14,843 neo-
natal congenital heart surgical procedures in the European Association for
Cardiothoracic Surgery Congenital Database. Ann Thorac Surg 2010; 89:
1255–1259.

6. Clancy RR, McGaurn SA, Wernovsky G, et al. Preoperative risk-of-
death prediction model in heart surgery with deep hypothermic
circulatory arrest in the Neonate. J Thorac Cardiovasc Surg 2000;
119: 347–357.

7. Schumacher KR, Reichel RA, Vlasic JR, et al. Rate of increase of serum lac-
tate level risk-stratifies infants after surgery for congenital heart disease.
J Thorac Cardiovasc Surg 2014; 148: 589–595.

8. Charpie JR, Dekeon MK, Goldberg S, Mosca RS, Bove EL, Kulik TJ. Serial
blood lactate measurements predict early outcome after neonatal repair or
palliation for complex congenital heart disease. J Thorac Cardiovasc Surg.
2000; 120: 73–80.

9. Cheifetz IM, Kern FH, Schulman SR, Greeley WJ, Ungerleider RM,
Meliones JN. Serum lactates correlate with mortality after operations for
complex congenital heart disease. Ann Thorac Surg 1997; 64: 735–738.

10. Cheung P, Chui N, Joffe AR, et al. Postoperative lactate concentrations pre-
dict the outcome of infants aged 6 weeks or less after intracardiac surgery: a
cohort follow-up to 18 months. J Thorac Cardiovasc Surg 2005; 130:
837–843.

11. Larrazabal LA, del Nido PJ, Jenkins KJ, et al. Measurement of technical per-
formance in congenital heart surgery: a pilot study. Ann Thorac Surg 2007;
83: 179–184.

12. Nathan M, Karamichalis J. Quality improvement: surgical performance.
Technical performance score as a performance measure for congenital
heart surgery. In Sellke/Sabiston and Spencer’s Surgery of the Chest, 9th
edn, 2015; Chapter 134.

13. HosmerDW, Lemeshow S, Sturdivant RX. Applied Logistic Regression, 3rd
edn. John Wiley & Sons, Hoboken, NJ, 2013.

14. Altman DG, Vergouwe Y, Royston P, Moons KGM. Prognosis and
prognostic research: validating a prognostic model. BMJ 2019; 338:
1432–1435.

15. Murtuza B, Wall D, Reinhardt Z, et al. The importance of blood lactate
clearance as a predictor of early mortality following the modified
Norwood procedure. Eur J Cardiothorac Surg 2011; 40: 1207–1240.

16. Kalyanaraman M, DeCampli WM, Campbell AI, et al. Serial blood lactate
levels as a predictor of mortality in children after cardiopulmonary bypass
surgery. Pediatr Crit Care Med 2008; 9: 285–288.

17. Nasr VG, Staffa SJ, Boyle S, et al. Predictors of increased lactate in Neonatal
cardiac surgery: the impact of cardiopulmonary bypass. J Cardiothorac
Vasc Anesth. Published online ahead of print, 2020 Jun 10.

18. NathanM, Karamichalis JM, Liu H, et al. Intraoperative adverse events can
be compensated by technical performance in neonates and infants after car-
diac surgery: a prospective study. J Thorac Cardiovasc Surg 2011; 142:
1098–1107.

19. Karamichalis JM, del Nido PJ, Thiagarajan RR, et al. Early postoperative
severity of illness predicts outcomes after the stage 1 Norwood procedure.
Ann Thorac Surg 2011; 92: 660–665.

20. Mazwi ML, Brown DW,Marshall AC, et al. Unplanned reinterventions are
associated with postoperative mortality in neonates with critical congenital
heart disease. J Thorac Cardiovasc Surg 2013; 145: 671–677.

1406 E. Valencia et al.

https://doi.org/10.1017/S1047951121000263 Published online by Cambridge University Press

https://www.sts.org/registries-research-center/sts-national-database/congenital-heart-surgery-database
https://www.sts.org/registries-research-center/sts-national-database/congenital-heart-surgery-database
https://doi.org/10.1017/S1047951121000263

	Hyperlactataemia as a predictor of adverse outcomes post-cardiac surgery in neonates with congenital heart disease
	Materials and methods
	Study design
	Data collection
	Statistical analysis

	Results
	Discussion
	Conclusion
	References


