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Objective: To empirically derive the optimal measure of pharmaco-
logic cardiovascular support in infants undergoing cardiac surgery 
with bypass and to assess the association between this score and 
clinical outcomes in a multi-institutional cohort.
Design: Prospective, multi-institutional cohort study.

Setting: Cardiac ICUs at four academic children’s hospitals par-
ticipating in the Pediatric Cardiac Critical Care Consortium during 
the study period.
Patients: Children younger than 1 year at the time of surgery 
treated postoperatively in the cardiac ICU.
Interventions: None.
Measurements and Main Results: Three hundred ninety-one infants 
undergoing surgery with bypass were enrolled consecutively 
from November 2011 to April 2012. Hourly doses of all vasoac-
tive agents were recorded for the first 48 hours after cardiac ICU 
admission. Multiple derivations of an inotropic score were tested, 
and maximum vasoactive-inotropic score in the first 24 hours was 
further analyzed for association with clinical outcomes. The primary 
composite “poor outcome” variable included at least one of mor-
tality, mechanical circulatory support, cardiac arrest, renal replace-
ment therapy, or neurologic injury. High vasoactive-inotropic score 
was empirically defined as more than or equal to 20. Multivariable 
logistic regression was performed controlling for center and patient 
characteristics. Patients with high vasoactive-inotropic score had 
significantly greater odds of a poor outcome (odds ratio, 6.5; 95% 
CI, 2.9–14.6), mortality (odds ratio, 13.2; 95% CI, 3.7–47.6), and 
prolonged time to first extubation and cardiac ICU length of stay 
compared with patients with low vasoactive-inotropic score. Strati-
fied analyses by age (neonate vs infant) and surgical complexity 
(low vs high) showed similar associations with increased morbidity 
and mortality for patients with high vasoactive-inotropic score.
Conclusions: Maximum vasoactive-inotropic score calculated 
in the first 24 hours after cardiac ICU admission was strongly 
and significantly associated with morbidity and mortality in this 
 multi-institutional cohort of infants undergoing cardiac surgery. 
Maximum vasoactive-inotropic score more than or equal to 20 pre-
dicts an increased likelihood of a poor composite clinical outcome. 
The findings were consistent in stratified analyses by age and sur-
gical complexity. (Pediatr Crit Care Med 2014; 15:529–537)
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Wernovsky et al (1) proposed the use of an inotrope 
score to measure pharmacologic cardiovascular 
support given to infants after cardiac surgery. This 

score was neither derived from empiric data nor rigorously 
tested as a measure of illness severity. However, the Wernovsky 
score and its modifications have often been used as a measure 
of illness severity following cardiac surgery in children even 
though the score was not created for this purpose (2–5). The 
association between inotrope score and clinical outcomes 
after pediatric cardiac surgery has remained poorly defined 
in the literature, and clinical practice changes over the past 
decade suggested the need for a revision to the original ino-
trope score. Defining clinically relevant predictors of patient 
risk for morbidity and mortality, like an inotrope score, could 
help to inform intensivists who might then modify treatment 
in meaningful ways early in a patient’s course.

To address this knowledge gap, we previously developed a 
vasoactive-inotropic score (VIS) and tested its association with 
clinical outcomes in a single-center cohort of children younger 
than 6 months undergoing cardiac surgery with cardiopulmo-
nary bypass (CPB) (6). In contrast to the original inotrope score 
(IS) proposed by Wernovsky et al (1), this new score incorpo-
rates additional medications typically used in contemporary 
clinical practice. We demonstrated that the maximum VIS in the 
first 24 hours had a strong and consistent relationship with post-
operative morbidity and mortality. Other authors subsequently 
performed similar analyses in single-center series of infants after 
cardiac surgery (7, 8). These studies led to mixed conclusions 
about the optimal measure of VIS and the strength of associa-
tion between VIS and clinical outcomes, particularly in neonates.

To further explore remaining questions about VIS, its asso-
ciation with clinical outcomes, and its usefulness as marker 
of illness severity in postoperative cardiac surgical patients, 
we performed a multicenter analysis of data reported to the 
Pediatric Cardiac Critical Care Consortium (PC4), a new qual-
ity improvement collaborative of North American pediatric 
cardiac ICUs (CICU) and surgical programs. This study repre-
sents the first scientific contribution from the PC4 collaborative.

Our objective was to assess the association between measures 
of pharmacologic cardiovascular support and clinical outcomes 
in this multi-institutional cohort of patients from birth to 1 year 
of age at the time of surgery with CPB and specifically in a sub-
group of neonates. We hypothesized that maximum VIS in the 
first 24 hours would perform as well or better than the IS in pre-
dicting important clinical outcomes and that we could define a 
cut point that would effectively discriminate patients likely to 
have morbidity and mortality in the postoperative period.

MATERIALS AND METHODS

Setting and Study Infrastructure
PC4 is a voluntary quality improvement collaborative originally 
formed in 2009 with National Institute of Health funding (UL1 
RR024986). At the time this study was initiated, four centers 
(C.S. Mott Children’s Hospital, Ann Arbor, MI; Boston Chil-
dren’s Hospital, Boston, MA; Children’s Hospital of Wisconsin, 

Milwaukee, WI; and Seattle Children’s Hospital, Seattle, WA) 
were actively contributing data to the registry and all partici-
pated in this investigation. PC4 used an established ICU data 
platform provided by Virtual PICU Systems (VPS, LLC; Los 
Angeles, CA) and built an additional module specifically to cap-
ture data related to the research question. VPS data collectors 
at each site extracted the mandatory data variables for the PC4 
registry. Additional data necessary for the analysis were pro-
spectively collected for eligible patients (described below) and 
managed using Research Electronic Data Capture electronic 
data capture tools hosted by the PC4 Data Coordinating Center 
(DCC) in Ann Arbor, MI (9). These two datasets were merged at 
the DCC prior to analysis.

Study Design
This was a prospective cohort study inclusive of consecutive 
infants up to 1 year old at the time of surgery with CPB receiving 
postoperative care in the CICU at the four participating institu-
tions. Patients were enrolled from November 1, 2011, to April 30, 
2012. Patients were excluded from the analysis if one of the fol-
lowing criteria were met: 1) the patient returned from the operat-
ing room to the CICU on mechanical circulatory support, 2) the 
patient was transferred to a nonstudy institution before critical 
care services were discontinued, or 3) the patient had a previous 
surgical episode already captured in the study population (i.e., a 
patient could appear only once in the cohort). Each participat-
ing center received institutional review board (IRB) approval to 
collect data specific to this research study; the need for written 
informed consent was waived by each institution’s IRB.

Data Collection and Data Integrity
Basic demographic and clinical data were collected routinely as 
part of the PC4/VPS databases. Interrater reliability (IRR) test-
ing was performed by VPS/PC4, and each participating institu-
tion achieved an IRR more than 90% on the study variables 
prior to study initiation and quarterly thereafter. Other surgi-
cal data not captured in the PC4/VPS databases (e.g., anatomic 
diagnoses, procedure performed, and bypass times) were 
extracted from the local Society of Thoracic Surgeons Con-
genital Heart Surgery Database at each institution. As noted 
above, additional data necessary for the analysis were prospec-
tively collected at each site in a supplementary data module 
on all eligible patients. This information included preoperative 
and hourly postoperative vasoactive medication use and the 
exact time at which clinical endpoints were reached. Opera-
tions were categorized using the Society of Thoracic Surgeons–
European Association for Cardiothoracic Surgery (STAT) risk 
stratification system (category 1 = lowest mortality risk; cat-
egory 5 = highest mortality risk) (10). Data from all sources 
were linked at the DCC using indirect identifiers (e.g., surgi-
cal date and age at surgery). Clinical outcomes were verified 
with the primary site investigator at each location and cross-
checked between data sources. All out-of-range values were 
also reviewed with each data collection team prior to analy-
sis. All investigators had access to the data presented here and 
reviewed and approved the current version of the article.
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Measures of Cardiovascular Pharmacologic Support
Our analytic methods mirror those of our original publication (6). 
Doses of vasoactive medications were recorded hourly for the first 
48 hours after postoperative admission to the CICU. The full list 
of medications can be viewed in Appendix 1. We calculated the 
IS and the VIS as described previously (6) and as shown in Box 1. 

IS = Dopamine dose g/kg/min  

 Dobutamine dose g/

µ

      + µ
( )

kkg/min  

 100  Epinephrine dose g/kg/min

( )
( )      + × µ

VIS = IS 10  Milrinone dose g/kg/min  

 10,00

+ × µ

         +
( )

00  Vasopressin dose units/kg/min  

 100  Nore

×

         + ×
( )

ppinephrine dose g/kg/minµ( )

We also assessed the sensitivity and specificity of a score 
including all inotropes, vasopressors, and vasodilators listed in 
Appendix 1. This formula was inferior to the IS and VIS and 
was not further analyzed.

We calculated the maximum and mean IS and VIS in the first 
and second 24-hour periods after admission to the CICU. To 
account for vasoactive support over time, and for cases where 
a patient returned to the CICU on high support only to have it 
quickly weaned, we studied the mean IS/VIS. Mean IS/VIS was 
calculated by summing the hourly doses during the 24-hour 
period and dividing by 24. We also used the IS and VIS at hour 2 
and compared this with the other measures. Patients were clas-
sified into one of the five mutually exclusive groups defined in 
our previous study (6) based on their scores at the different time 
points (Table 1) and assigned to the highest group achieved in 
either frame. For patients who reached a clinical endpoint (see 
next section below) in the first 48 hours, we did not use any IS or 
VIS scores after the event to calculate their maximum and mean 
scores or to classify them into the group framework. We chose 
to do this because we were interested in using VIS as a metric to 

predict eventual clinical outcome, and scores collected after an 
event (e.g., cardiac arrest or initiation of mechanical circulatory 
support) do not contribute meaningful data for that purpose.

Clinical Endpoints and Outcome Variables
The primary outcome for analysis was the dichotomous com-
posite morbidity and mortality variable, termed “poor outcome,” 
used in our previous analysis (6). This outcome was reached if any 
of the following occurred: mortality (in-hospital or 30-day out-
of-hospital), cardiac arrest, use of mechanical circulatory support, 
renal replacement therapy, or neurologic injury (stroke or sei-
zure). Secondary outcomes included CICU length of stay, time to 
first extubation, and need for reoperation requiring CPB. Patients 
with length of stay or time to extubation more than or equal to 
75th percentile for the cohort were categorized as “prolonged” for 
analyses testing the association between IS/VIS and these metrics.

Statistical Analysis
Demographic and clinical characteristics were compared between 
two composite outcome groups and between centers, using chi-
square test for categorical variables and t test, Wilcoxon rank sum 
test, analysis of variance, or Kruskal-Wallis test, as appropriate, 
for continuous variables. To determine the best metric in relation 
to poor outcome, the area under the receiver operating charac-
teristic (ROC) curves of each maximum and mean value for each 
score formula (IS, VIS, and derivations) were compared. Opti-
mal cut points for “high VIS” designation were then chosen using 
sensitivity and specificity from the ROC curve of the selected best 
metric. Odds ratios (ORs) with 95% CI were estimated using 
logistic regression to evaluate the relative odds of each clinical 
outcome, including the composite poor outcome variable, in the 
high VIS group compared with the low VIS group. In addition to 
analyzing the association between VIS and the composite clinical 
outcome, we also assessed the relationship between VIS and each 
of the individual endpoints separately.

Variables found to be significantly associated with the com-
posite poor outcome in the univariate analyses (p < 0.05) were 
included in the multivariable analysis: age at surgery, surgical com-
plexity category, stage 1 single-ventricle repair, and  weight-for-age 
z score. Model fit was evaluated by  Hosmer-Lemeshow goodness-
of-fit test and a C-statistic. Posterior predicted probabilities of 
the composite outcomes at each VIS group were calculated using 
the fitted model with other covariates fixed at their mean values. 
Stratified analyses were performed by age (neonates [0–29 d] and 
infants [1 mo–1 yr]) and by surgical complexity (low [STAT cat-
egories 1–3] versus high [STAT category 4–5]). We controlled for 
center by including it as a fixed effect in each model to account 
for unmeasured practice differences between hospitals including 
extubation and CICU discharge criteria.

All analyses were performed with SAS Version 9.3 (SAS 
institute, Cary, NC) with statistical significance set at p values 
of less than 0.05 using two-sided tests. Descriptive statistics 
are presented as mean ± sd or median (interquartile range) as 
appropriate for continuous variables and frequency (percent-
age) for categorical variables. Statistics by center are not shown 
to prevent identification of the individual hospitals.

TAbLE 1. Classification System based on 
Inotropic Score

Groupa IS or VIS, First 24 Hr IS or VIS, 24–48 Hr

1 < 10 < 5

2 10–14 5–9

3 15–19 10–14

4 20–24 15–19

5 ≥ 25 ≥ 20

IS = inotropic score, VIS = vasoactive-inotropic score.
aGroup assignment based on highest support level in either time period.
Example: Patient with maximum IS 22 in first 24 hr, and 14 in the subsequent 24 hr, 
would be classified as group 4. Similarly, a patient with maximum IS 10 in the first 
24 hr and maximum IS 25 in the second 24 hr would be classified as group 5.

bOx 1. Formulas for Inotrope Score (IS) and 
Vasoactive-Inotrope Score (VIS)
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RESULTS

Patient Characteristics and Center Variation
Three hundred ninety-one consecutive infants meeting eligi-
bility criteria were enrolled in the study cohort. Demographic 
and clinical characteristics of the study population are shown 
in aggregate and based on composite outcome status in Table 2. 
The cohort included 141 neonates (36%) and 132 (34%) in 
STAT categories 4 or 5. Patients meeting the composite clini-
cally derived poor outcome were younger, had more frequent 
preoperative vasoactive support, and were more likely to be in 
STAT categories 4 or 5 (all p < 0.05).

The frequencies of patient characteristics and utilization 
of therapies at each center were tabulated, and the ranges 
across centers are presented in Table 3. Table 3 demonstrates 
the wide variation between centers in the use of individual 
vasoactive agents.

Comparing VIS and IS for Predicting Poor Outcome
The performance characteristics of IS and VIS for predicting 
a poor outcome are shown in Table 4. Although both scores 
performed similarly, maximum VIS in the first 24 hours was 
selected for additional study based on the ease of calculation of 
a maximum value compared with a mean, inclusion of com-
monly used vasoactive agents not included in the IS, and being 
calculable within the first 24 postoperative hours. Other deri-
vations of VIS and IS were not tested further.

Defining a High VIS Cut Point
Sensitivity and specificity from the ROC curve for predict-
ing a poor outcome at each maximum VIS group in the 
first 24 hours suggested either group 3 or group 4 would 
be an appropriate metric to define high VIS (Supplemental 
Table 1, Supplemental Digital Content 1, http://links.lww.

TAbLE 2. Comparison of Patient and Clinical Characteristics by Composite Outcome 
Status (n = 391)

Characteristics Overall

Composite Poor Outcome

paYes (n = 45) No (n = 346)

Male sex, n (%) 215 (55.0) 25 (55.6) 190 (54.9) 0.94

Age at surgery, d 84 (9–165) 14 (6–120) 91.5 (9–168) 0.005

Neonates (age at surgery < 30 d) 141 (36.1) 25 (55.6) 116 (33.5) 0.004

Weight at cardiac ICU admission, kg 4.3 (3.3–5.8) 3.7 (3.2–4.6) 4.4 (3.3–6.0) 0.05

Weight-for-age z score, mean ± sd –1.6 ± 1.6 –1.2 ± 1.8 –1.7 ± 1.5 0.04

Preoperative use of vasoactive agents

  Any 69 (17.6) 15 (33.3) 54 (15.6) 0.003

  Dopamine 27 (6.9) 5 (11.1) 22 (6.4)

N/A

  Epinephrine 8 (2.0) 4 (8.9) 4 (1.2)

  Vasopressin 0 (0.0) 0 (0.0) 0 (0.0)

  Milrinone 42 (10.7) 9 (20.0) 33 (9.5)

  Dobutamine 2 (0.5) 0 (0.0) 2 (0.6)

  Norepinephrine 1 (0.3) 0 (0.0) 1 (0.3)

Stage 1 single-ventricle repair 47 (12.0) 12 (26.7) 35 (10.1) 0.001

Society of Thoracic Surgeons–European Association for Cardiothoracic Surgery risk category

  1–3 256 (65.5) 22 (48.9) 234 (67.6) 0.01

  4 or 5 132 (33.8) 23 (51.1) 109 (31.5)

  Missing 3 (0.8) 0 (0.0) 3 (0.9)

Cardiopulmonary bypass time, min 121 (84–158) 140 (108–191) 120 (81–154) 0.01

Aortic cross-clamp time, min 75 (47–106) 85.5 (60–127) 73 (45–104) 0.02

Deep hypothermic circulatory arrest time, min 19.5 (10–42) 22 (15–42) 18 (9–40) 0.31

Regional cerebral perfusion time, min 52 (39–68) 59 (46–103) 51 (33–64) 0.11
ap value from chi-square test for categorical variables and Wilcoxon rank sum test for continuous variables for the comparison of each characteristics between 
two outcome groups.
Data are presented as n (%) for categorical variables and median (25th–75th percentiles) for continuous variable and otherwise indicated.

http://links.lww.com/PCC/A101
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com/PCC/A101). Although the group 3 cut point yielded the 
highest combined sensitivity and specificity, we opted to use 
group 4 and above to define high VIS because we wanted to 
maximize the specificity of our group designation. In sub-
sequent analyses, patients with a maximum VIS in the first 
24 hours of more than or equal to 20 (groups 4 or 5) were 
categorized as high VIS.

Estimating the Strength of Association between High 
VIS and Clinical Outcomes
Results of a multivariable logistic regression are shown in 
Table 5. High VIS was significantly associated with the poor 
composite outcome (OR, 6.5; 95% CI, 2.9–14.6), with adequate 
model calibration (Pearson chi-square statistic = 7.5; p = 0.48) 
and good discrimination (C-statistic = 0.82). The observed 
and posterior predicted probabilities of a poor outcome based 
on group assignment using a maximum 24-hour VIS are 
shown in Figure 1. High VIS was also significantly associated 
with prolonged CICU length of stay (OR, 3.8; 95% CI, 2.0–7.2) 
and prolonged time to first extubation (OR, 5.3; 95% CI, 2.8–
10.1) but not with need for reoperation (p = 0.58). Patients 
with high VIS had significantly higher risk of mortality (OR, 
13.2; 95% CI, 3.7–47.6) and were at higher risk for each of the 
morbidities in the composite outcome variable when analyzed 
separately (all p < 0.05).

In stratified analyses by age at surgery and by STAT cat-
egory, high VIS remained significantly associated with 
greater odds of having a poor outcome in both neonates and 
infants and in patients with low and high surgical complexity 
(Tables 6 and 7). Patients with high VIS also had increased risk 
of mortality in each stratified group.

DISCUSSION
This analysis demonstrated an association between maximum 
VIS in the first 24 hours after CICU admission and postopera-
tive morbidity and mortality in children younger than 1 year 
following surgery with CPB. The metric we derived performs 
as well or better as a predictor of clinical outcome when com-
pared with the IS or other derivations of an IS. Maximum VIS 
in the first 24 hours has biologic plausibility as a measure of 
illness severity and predictor of outcome as previous litera-
ture demonstrates a nadir in cardiac output after bypass (1), 
higher risk of cardiac arrest (11), and peaking serum markers 
of inflammation (12) and myocardial injury (13, 14) during 
this time period.

We further determined a cutoff point for high VIS that dis-
criminated patients with significantly greater odds of a poor 
clinical outcome and greater resource utilization compared 
with those with low VIS. The relationship between VIS and 
clinical outcome was demonstrated in a population of patients 
spanning a wider age range than previously reported and the 
association remained in stratified analyses by age and surgical 
complexity. Most importantly, our analysis demonstrates that 
the association between VIS and clinical outcomes holds in a 
multicenter cohort controlling for center effects.

Although we could not analyze every possible score for phar-
macologic cardiovascular support, we tested several that can 
be calculated easily and early in the postoperative course and 
found results similar to our previous single-center cohort study. 
Another investigative team suggested that the optimal measure 
of VIS is the value at 48 hours after admission (8), reasoning 
that sustained cardiovascular support over time may be more 
predictive of clinical outcome than a single maximum value. 
We tried to account for this possibility by calculating a mean 

TAbLE 3. Center Variation: Patient 
Characteristics, Practice, and Outcomes

Variable
Range  

Across Centers

Patients enrolled, n 67–130

Age, d (median) 56–143

Neonates, % 26–47

Patients in Society of Thoracic Surgeons– 
European Association for Cardiothoracic 
Surgery risk category 4 or 5, %

27–47

Stage 1 single-ventricle repair, % 7–17

Use of deep hypothermic circulatory  
arrest, %

20–33

Use of regional cerebral perfusion, % 0–25

Preoperative vasoactive infusion, % 7–31

Vasoactive agents used postoperatively, %

  Dopamine 0–88

  Epinephrine 10–89

  Norepinephrine 1–42

  Vasopressin 1–50

  Milrinone 46–100

  Nitroprusside 0–43

Mechanical ventilation at start of 
postoperative admission, %

82–100

Maximum VIS, median 7.5–14.5

Maximum inotropic score, median 3–10

Composite poor outcome, % 6.2–14.8

  Died in-hospital or within 30 d of hospital 
discharge

2.5–7.8

  Cardiac arrest requiring cardiopulmonary 
resuscitation

1.5–9.6

  Mechanical circulatory support 3.5–6.3

  Need for renal replacement therapy 0–1.7

  Neurologic injury 0.8–6.3

Time to first extubation, hr (median) 24–92

Postoperative cardiac ICU length of stay,  
d (median)

4–9

VIS = vasoactive-inotropic score.

http://links.lww.com/PCC/A101
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VIS over the first 48 hours but found that this metric performed 
no better than the maximum VIS in the first 24 hours. We favor 
metrics that can be calculated as early in the postoperative 

course as possible in efforts to develop population- and indi-
vidual-level risk prediction methods for CICU patients, similar 
to Acute Physiology and Chronic Health Evaluation (15). These 
are desirable candidate variables because risk prediction calcu-
lated early in a patient’s course may give clinicians the oppor-
tunity to change their therapeutic strategy based on predicted 
outcome. However, current models used for  population-based 
risk adjustment are not necessarily adequate to predict indi-
vidual patient risk (16), and no illness-severity or risk-adjust-
ment method currently applied to critically ill pediatric cardiac 
patients has been evaluated for this purpose.

Studies performed after our original VIS publication raised 
doubt about the strength of association between VIS and out-
comes in the neonatal population. Butts et al (7) showed that 
VIS was at most only modestly correlated with clinical out-
comes and resource utilization in a cohort of neonates from a 
single-center series. In the current study, we analyzed a larger 
group of neonates from multiple centers and demonstrated 
strong associations between maximum VIS in the first 24 
hours and clinical outcomes, including ventilator and CICU 

TAbLE 5. Association of Maximum Vasoactive-Inotropic Score With Outcomes 
(Multivariable Logistic Regressiona)

Outcome n Percent ORb 95% CI pc

Poor outcome 45 11.5 6.5 2.9–14.6 0.001

Prolonged time to first extubation 94 24.0 5.3 2.8–10.1 < 0.0001

Prolonged cardiac ICU length of stay 101 25.8 3.8 2.0–7.2 < 0.0001

Need for reoperation requiring cardiopulmonary bypass 14 3.6 1.4 0.4–5.2 0.58

Died in hospital or within 30 d of hospital discharge 19 4.9 13.2 3.7–47.6 < 0.0001

Cardiac arrest requiring CPR 23 5.9 4.3 1.5–12.5 0.01

Mechanical circulatory support 17 4.3 34.1 5.9–197 < 0.0001

Neurologic injury 17 4.3 4.8 1.4–15.9 0.01

Cardiac arrest requiring CPR or mechanical circulatory support 31 7.9 10.0 3.6–27.3 < 0.0001

OR = odds ratio, CPR = cardiopulmonary resuscitation.
aIncluding center, patient age, single-ventricle repair, Society of Thoracic Surgeons–European Association for Cardiothoracic Surgery (STAT) risk category, and 
weight-for-age z score.
bOR represents odds of a poor outcome in high vasoactive-inotropic score (VIS) group (with maximum VIS in groups 4 and 5) relative to low VIS group (with 
maximum VIS in groups 1, 2, and 3) after controlling for centers, patient age, single-ventricle repair, STAT risk category, and weight-for-age z score.
cp value from multivariable logistic regression after controlling for centers, patient age, single-ventricle repair, STAT risk category, and weight-for-age z score.

Figure 1. The observed (black bars) and predicted (gray bars) probabilities 
of reaching the composite clinical endpoint (poor outcome) are shown 
according to vasoactive-inotropic score (VIS) group based on maximum 
VIS in the first 24 hr. Predicted probabilities are those calculated from the 
multivariable model controlling for center and patient characteristics.

TAbLE 4. Performance Characteristics of Vasoactive-Inotropic Score and Inotropic Score 
(Controlling for Center)

In the First 2 Hr In the First 24 Hr In the First 48 Hr

Scoring Method AUC se 95% CI AUC se 95% CI AUC se 95% CI

Maximum VIS 0.76 0.04 0.69–0.83 0.79 0.03 0.73–0.85 0.77 0.03 0.71–0.84

Mean VIS 0.76 0.04 0.69–0.83 0.76 0.04 0.68–0.84 0.79 0.03 0.72–0.85

Maximum IS 0.72 0.04 0.64–0.81 0.79 0.04 0.72–0.86 0.76 0.04 0.68–0.84

Mean IS 0.74 0.04 0.65–0.82 0.77 0.04 0.69–0.84 0.77 0.04 0.70–0.85

AUC = area under the receiver operative characteristic curve, se = standard error of AUC, VIS = vasoactive-inotropic score, IS = inotrope score.
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TAbLE 7. Association of Maximum Vasoactive-Inotropic Score With Outcome Stratified 
by Society of Thoracic Surgeons–European Association for Cardiothoracic Surgery Risk 
Category (Controlling for Center)

Society of Thoracic 
 Surgeons–European 
Association for 
 Cardiothoracic Surgery 
Risk Category Outcome n Percent ORa 95% CI pb

1–3 Poor outcome 22 8.6 5.7 1.9–16.6 0.002

Prolonged time to first extubation 37 14.5 6.1 2.4–15.8 < 0.001

Prolonged CICU length of stay 41 16.0 4.4 1.8–10.7 0.001

Need for reoperation requiring CPB 8 3.1 6.1 1.1–33.1 0.04

Died in hospital or within 30 d of 
hospital discharge

9 3.5 13.4 2.6–93.0 0.002

4 or 5 Poor outcome 23 17.4 6.0 2.1–17.4 0.001

Prolonged time to first extubation 55 41.7 6.1 2.7–14.0 < 0.001

Prolonged CICU length of stay 57 43.2 4.1 1.9–9.2 < 0.001

Need for reoperation requiring CPB 6 4.5 0.3 0.04–3.0 0.33

Died in hospital or within 30 d of 
hospital discharge

10 7.6 9.1 1.9–67.7 0.004

OR = odds ratio, CICU = cardiac ICU, CPB = cardiopulmonary bypass.
aOR represents odds of a poor outcome in high vasoactive-inotropic score (VIS) group (with maximum VIS in groups 4 and 5) relative to low VIS group (with 
maximum VIS in groups 1, 2, and 3) after controlling for centers.
bp value from multivariable logistic regression after controlling for centers and other covariates.

TAbLE 6. Association of Maximum Vasoactive-Inotropic Score With Outcome Stratified by 
Age Group (Controlling for Center)

Age at  
Surgery Outcome n Percent ORa 95% CI pb

Neonate  
(≤ 30 d)

Poor outcome 25 17.7 4.9 1.8–13.5 0.002

Prolonged time to first extubation 59 41.8 7.2 3.2–16.2 < 0.001

Prolonged CICU length of stay 57 40.4 3.1 1.5–6.5 0.003

Need for reoperation requiring CPB 7 5.0 2.0 0.4–12.1 0.42

Died in hospital or within 30 d of hospital 
discharge

11 7.8 22.6 2.7–191 0.004

Infant  
(1 mo to < 1 yr)

Poor outcome 20 8.0 9.6 2.9–31.5 < 0.001

Prolonged time to first extubation 35 14.0 5.1 1.9–13.6 0.001

Prolonged CICU length of stay 44 17.6 9.8 3.5–27.2 < 0.001

Need for reoperation requiring CPB 7 2.8 1.3 0.1–13.2 0.81

Died in hospital or within 30 d of hospital 
discharge

8 3.2 12.3 2.0–84.6 0.01

Died in-hospital or within 30 days of 
hospital discharge

8 3.2 12.3 2.0–84.6 0.01

OR = odds ratio, CICU = cardiac ICU, CPB = cardiopulmonary bypass.
aOR represents odds of a poor outcome in high vasoactive-inotropic score (VIS) group (with maximum VIS in groups 4 and 5) relative to low VIS group (with 
maximum VIS in groups 1, 2, and 3) after controlling for centers.
bp value from multivariable logistic regression after controlling for centers and other covariates.
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length of stay. The reasons for the discrepancy between the two 
studies are not immediately clear, other than the methodologic 
differences in the analytic approach. There will be even greater 
opportunities in the future to define the association between 
VIS and outcomes in this important age subgroup as registries 
continue to develop and amass greater numbers of unique 
patient populations.

One of the inherent values of multicenter research, demon-
strated in this study, is the ability to observe and describe practice 
variation among peer institutions. All four centers participating 
in this investigation are well-established programs with busy 
cardiac surgical services where children undergoing cardiac sur-
gery are cared for in dedicated CICUs. Despite the similarities, 
it is clear from the descriptive data that institutional preferences 
for certain combinations of vasoactive agents vary widely.

Practice variation is likely driven in part by the lack of evi-
dence to guide therapy around even the most basic pediatric 
CICU practices, like prescribing vasoactive drugs in the peri-
operative period. This lack of evidence emphasizes the need 
for focused efforts to develop an evidence base for common 
practices through sequential analyses. In this study, we uti-
lized an existing clinical registry to provide standard patient 
and outcome data and then added a specific set of data vari-
ables to answer a hypothesis-driven research question. This 
approach markedly improves efficiency for data collection by 
using information for research that was already being collected 
with high fidelity as part of routine ICU operations. Future 
efforts to link critical care databases with other clinical and 
administrative registries (17) hold promise to provide answers 
to many questions related to best practice, value, and compara-
tive effectiveness in the CICU. The next crucial step is to bridge 
the gap from data collection to quality improvement. Quality 
improvement collaboratives have played a key role in under-
standing the drivers of variation between hospitals around 
adult cardiac surgical outcomes and intervening to raise qual-
ity (18). If datasets like those employed in this study can be 
used effectively by quality improvement collaboratives focused 
on perioperative care for pediatric cardiac surgical patients, 
then similar advances may be within reach in the near future.

These data should not be used to infer a causal relationship 
between high vasoactive support and clinical outcomes. There 
is usually important confounding by indication occurring when 
observing the relationship between vasoactive medication use 
and morbidity and mortality; the sickest patients receive the 
highest doses of drugs and more frequently receive third- and 
fourth-line agents. Our study design is inadequate to determine 
whether certain agents or drug combinations actually cause 
the observed morbidity and mortality, although that possibil-
ity certainly exists. An important question for future research is 
whether initiation of particular therapies (e.g., extracorporeal 
membrane oxygenation cannulation and therapeutic hypo-
thermia) at a lower VIS is beneficial to patients compared with 
treatment with greater pharmacologic support.

It is a reasonable question whether therapy metrics are the 
most appropriate markers of disease severity. Most cardiac 
intensivists would likely prefer objective measurements of 

cardiac output or oxygen delivery, rather than the amount of 
vasoactive pharmacologic support, to describe the degree of 
cardiovascular dysfunction after surgery with CPB. However, 
these physiologic measurements are either unobtainable or 
subject to measurement error in most cases. Furthermore, in 
most instances, the agents used to calculate the VIS are only 
prescribed when cardiovascular support is indicated; it is logi-
cal to infer that if a patient is receiving vasoactive infusions, 
the treating clinician felt that treatment was required and that 
higher doses were necessary to treat a greater degree of dys-
function. Thus, we believe the VIS is an appropriate surrogate 
for illness severity based on the data presented herein.

In addition to the limitations noted previously regarding 
the exhaustiveness of score derivation and testing, there are 
other limitations in interpreting these data. Although this is 
the first multicenter cohort to study the association between 
vasoactive support and outcomes, the institutions partici-
pating in this study may not be representative of the entire 
CICU community. Furthermore, the results cannot be gen-
eralized to non-CPB cases or to older children undergoing 
surgery. Although our model showed good calibration and 
discrimination, the observed and predicted probabilities for a 
poor outcome in group 2 were higher than those in group 3, 
which cannot be easily explained. Future analyses will deter-
mine whether this is a chance finding in this cohort or a real 
phenomenon. Although this represents the largest cohort of 
patients undergoing cardiac surgery in which granular data on 
vasoactive agent use were collected, the relatively small study 
group limits the precision of our effect size estimates, though 
we were still able to show significant associations between high 
VIS and mortality alone, along with the individual morbidities.

Finally, we chose to approach this analysis using a standard 
methodology described above, culminating in a multivari-
able logistic regression. Other complementary and alterna-
tive methods exist for mining datasets to assess associations 
between independent variables and outcomes including, but 
not limited to, random forest, support vector machine, and 
nearest-neighbor interpolation. Datasets are likely to become 
more extensive in the future than the one used for this analysis 
through linkages between registries and incorporation of con-
tinuously captured information from bedside monitors and 
devices. Analyses of these larger databases may rely on these 
newer techniques listed here.

CONCLUSIONS
This study confirms the association between VIS and clinical 
outcomes after pediatric cardiac surgery for the first time in 
a multi-institutional cohort. VIS remains an attractive candi-
date variable for inclusion in a multivariable risk-adjustment 
or risk-prediction model in the CICU. Further work with 
larger datasets is necessary to understand more precisely how 
VIS functions as a predictor of outcome, how it performs in 
other important patient subgroups, and whether it can be 
combined with other candidate variables to create a unique 
 illness-severity index for this patient population that predicts 
important clinical outcomes. This may be enhanced with more 
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sophisticated “big data” analytic techniques appropriate for 
data structures more complex than those used in this study.

This study also demonstrates how efficient multicenter col-
laborative research can be in the pediatric CICU domain. In 
addition to shortening the timeline to achieve adequate sample 
size for analysis, a collaborative research environment reveals 
variation in practice patterns that should stimulate discussion 
and future scientific efforts to define an evidence base for CICU 
practice. Our method included supplementing an existing reg-
istry with additional data variables to answer a specific research 
question. Similar use of registries in future observational 
research and in clinical trials holds promise for facilitating sci-
entific efforts in pediatric cardiac surgery and critical care.

ACKNOWLEDGMENT
Virtual PICU Systems (VPS) data were provided by the VPS, LLC. 
No endorsement or editorial restriction of the interpretation of 
these data or opinions of the authors has been implied or stated.

REFERENCES
 1. Wernovsky G, Wypij D, Jonas RA, et al: Postoperative course and 

hemodynamic profile after the arterial switch operation in neonates 
and infants. A comparison of low-flow cardiopulmonary bypass and 
circulatory arrest. Circulation 1995; 92:2226–2235

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

 3. Gruenwald CE, McCrindle BW, Crawford-Lean L, et al: Reconstituted 
fresh whole blood improves clinical outcomes compared with stored 
component blood therapy for neonates undergoing cardiopulmonary 
bypass for cardiac surgery: A randomized controlled trial. J Thorac 
Cardiovasc Surg 2008; 136:1442–1449

 4. Kulik TJ, Moler FW, Palmisano JM, et al: Outcome-associated factors 
in pediatric patients treated with extracorporeal membrane oxygen-
ator after cardiac surgery. Circulation 1996; 94:II63–II68

 5. Rhodes JF, Blaufox AD, Seiden HS, et al: Cardiac arrest in infants 
after congenital heart surgery. Circulation 1999; 100:II194–II199

 6. Gaies MG, Gurney JG, Yen AH, et al: Vasoactive-inotropic score as 
a predictor of morbidity and mortality in infants after cardiopulmonary 
bypass. Pediatr Crit Care Med 2010; 11:234–238

 7. Butts RJ, Scheurer MA, Atz AM, et al: Comparison of maximum vaso-
active inotropic score and low cardiac output syndrome as markers of 
early postoperative outcomes after neonatal cardiac surgery. Pediatr 
Cardiol 2012; 33:633–638

 8. Davidson J, Tong S, Hancock H, et al: Prospective validation of the 
vasoactive-inotropic score and correlation to short-term outcomes 
in neonates and infants after cardiothoracic surgery. Intensive Care 
Med 2012; 38:1184–1190

 9. Harris PA, Taylor R, Thielke R, et al: Research electronic data capture 
(REDCap)—A metadata-driven methodology and workflow process 
for providing translational research informatics support. J Biomed 
Inform 2009; 42:377–381

 10. Jacobs JP, Jacobs ML, Maruszewski B, et al: Initial application in the 
EACTS and STS Congenital Heart Surgery Databases of an empiri-
cally derived methodology of complexity adjustment to evaluate surgi-
cal case mix and results. Eur J Cardiothorac Surg 2012; 42:775–779

 11. Gaies MG, Clarke NS, Donohue JE, et al:Personnel and unit factors 
impacting outcome after cardiac arrest in a dedicated pediatric car-
diac intensive care unit. Pediatr Crit Care Med 2012; 13:583–588

 12. Graham EM, Atz AM, McHugh KE, et al: Preoperative steroid treat-
ment does not improve markers of inflammation after cardiac surgery 
in neonates: Results from a randomized trial. J Thorac Cardiovasc 
Surg 2014; 147:902–908

 13. Nagy ZL, Collins M, Sharpe T, et al: Effect of two different bypass 
techniques on the serum troponin-T levels in newborns and chil-
dren: Does pH-Stat provide better protection? Circulation 2003; 
108:577–582

 14. Hasegawa T, Yoshimura N, Oka S, et al: Evaluation of heart fatty 
acid-binding protein as a rapid indicator for assessment of myocar-
dial damage in pediatric cardiac surgery. J Thorac Cardiovasc Surg 
2004; 127:1697–1702

 15. Zimmerman JE, Kramer AA, McNair DS, et al: Acute Physiology 
and Chronic Health Evaluation (APACHE) IV: Hospital mortality 
assessment for today’s critically ill patients. Crit Care Med 2006; 
34:1297–1310

 16. Ehlenbach WJ, Cooke CR: Making ICU prognostication patient cen-
tered: Is there a role for dynamic information? Crit Care Med 2013; 
41:1136–1138

 17. Pasquali SK, Jacobs JP, Shook GJ, et al: Linking clinical registry data 
with administrative data using indirect identifiers: Implementation 
and validation in the congenital heart surgery population. Am Heart J 
2010; 160:1099–1104

 18. O’Connor GT, Plume SK, Olmstead EM, et al: A regional interven-
tion to improve the hospital mortality associated with coronary artery 
bypass graft surgery. The Northern New England Cardiovascular 
Disease Study Group. JAMA 1996; 275:841–846

APPENDIx 1. VASOACTIVE MEDICATIONS 
INCLUDED IN DATA COLLECTION 
Dopamine
Dobutamine
Epinephrine
Norepinephrine
Milrinone
Nitroprusside
Vasopressin
Phentolamine
Phenoxybenzamine


