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Development of Care Curves Following 
the Stage 1 Palliation: A Comparison of 
Intensive Care Among 5 Centers
Francesca Sperotto , MD*; Jesse A. Davidson , MD, MPH, MSc*; Melissa N. Smith- Parrish, MD, MS;  
Justin J. Elhoff, MD, MPH; Anjuli Sinha , MD; Joshua J. Blinder, MD; Daniel E. Ehrmann, MD, MS;  
Bradley S. Marino, MD, MPP, MSCE, MBA; John N. Kheir , MD

BACKGROUND: Comparison of care among centers is currently limited to major end points, such as mortality, length of stay, or 
complication rates. Creating “care curves” and comparing individual elements of care over time may highlight modifiable dif-
ferences in intensive care among centers.

METHODS AND RESULTS: We performed an observational retrospective study at 5 centers in the United States to describe key 
elements of postoperative care following the stage 1 palliation. A consecutive sample of 502 infants undergoing stage 1 pal-
liation between January 2009 and December 2018 were included. All electronic health record entries relating to mandatory 
mechanical ventilator rate, opioid administration, and fluid intake/outputs between postoperative days (POD) 0 to 28 were 
extracted from each institution’s data warehouse. During the study period, 502 patients underwent stage 1 palliation among 
the 5 centers. Patients were weaned to a median mandatory mechanical ventilator rate of 10 breaths/minute by POD 4 at 
Center 5 but not until POD 7 to 8 at Centers 1 and 2. Opioid administration peaked on POD 2 with extreme variance (median 
6.9 versus 1.6 mg/kg per day at Center 3 versus Center 2). Daily fluid balance trends were variable: on POD 3 Center 1 had a 
median fluid balance of −51 mL/kg per day, ranging between −34 to 19 mL/kg per day among remaining centers. Intercenter 
differences persist after adjusting for patient and surgical characteristics (P<0.001 for each end point).

CONCLUSIONS: It is possible to detail and compare individual elements of care over time that represent modifiable differences 
among centers, which persist even after adjusting for patient factors. Care curves may be used to guide collaborative quality 
improvement initiatives.
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An essential component to optimal care is an 
in- depth understanding of the structure and 
patterns of care within a system that deter-

mine patient trajectories. Describing the spectrum of 
interventions and patient responses to a particular 
situation (eg, following a specific diagnosis or op-
eration) allows healthcare teams to identify patient 
outliers, question and clarify diagnoses, and to im-
plement quality improvement initiatives for process 
and outcome metrics that are subpar. In the modern 

era, transparency in health care is a virtue.1 In nearly 
every specialty, centers of excellence report patient 
outcomes and major metrics of quality, including 
survival, lengths of stay, and major complications.2 
While such metrics are undeniably important, they 
lack specificity as to how a center may improve. Few 
currently reported metrics are directly actionable, 
but rather represent the culminated results of mea-
sured actions at the bedside. The intensive care unit 
is a location where such patient outcomes can be 
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significantly influenced, in some cases dramatically 
so. Patients are sedated, ventilated, administered 
fluids, and closely monitored in ways that are di-
rectly quantifiable, comparable among centers, and 
modifiable.

In the field of congenital heart disease, few pro-
cedures have received more scrutiny than the stage 
1 palliation (S1P).3– 5 This procedure is one in which 
a parallel circulation is surgically established, typi-
cally in the newborn period, leaving patients vulner-
able to circulatory shock and hypoxemia.6 During 
recovery, these patients often require prolonged 
mechanical ventilation, sedation and analgesia, and 
close fluid management,7 each of which play a role 
in the rate of recovery. Although the impact of the 
surgical approach to S1P has been rigorously com-
pared,3 reports describing the details of these ele-
ments of postoperative care are lacking and may 
impact important outcomes such as survival, length 
of stay, and occurrence of major complications. 
Accurately characterizing modifiable intensive care 
elements over time may enhance learning network– 
sponsored quality improvement projects.8,9

In 2017, we formed a collaboration of 5 tertiary 
care centers, organized through the Pediatric Cardiac 

Intensive Care Society, to compare discrete elements 
of intensive care following the S1P. In this work, we 
sought to detail intensive care elements that were ex-
tracted from data warehouses (DW) at each site rather 
than manually retrieved from the clinical electronic 
medical record (EMR) interface. Specifically, we set 
out to describe the spectrum of 3 important aspects of 
postoperative care for the first 28 postoperative days 
(POD): mandatory mechanical ventilation rate (MMVR), 
opioid administration, and fluid balance (FB). In addi-
tion to statistical modeling, we present a tool for the 
visualization and comparison of such intensive data, 
growth chart– like care curves.

METHODS
Study Design and Population
The data that support the findings of this study are 
available from the corresponding author upon rea-
sonable request. The study was approved by the in-
stitutional review board at each participating center. 
Informed consent was not required. Boston Children’s 
Hospital served as the coordinating center (IRB- 
P00023338); Ann & Robert H. Lurie Children’s Hospital, 
Children’s Hospital Colorado, The Children’s Hospital 
of Philadelphia, and Texas Children’s Hospital partici-
pated in this study. Consecutive patients undergoing 
S1P between January 1, 2009, and December 31, 
2018 were included; because of logistical challenges, 
there was variability in the years for which each center 
contributed data (Table 1). Patients on preoperative ex-
tracorporeal membrane oxygenation (ECMO) support, 
those undergoing a hybrid procedure, and those with 
1 or more of the 3 end point variables missing were 
excluded.

Data Extraction
Data collected included demographics (age at sur-
gery, gestational age, weight, and sex) and clinical 
characteristics (cardiac diagnosis, hypoplastic left 
heart syndrome versus other anatomies), surgi-
cal details (type of shunt [Sano shunt versus modi-
fied Blalock- Taussig shunt], surgical support times), 
complications (timing and duration of ECMO sup-
port), ventilation characteristics (mandatory respira-
tory rate), opioid administration details (dosages and 
duration of opioid boluses and continuous infusion), 
fluid intake and output, and patient- level outcomes 
(cardiac intensive care unit and hospital lengths of 
stay, 30- day mortality, and survival to hospital dis-
charge). Cardiac diagnosis and surgical details were 
collected from a surgical database at each center. 
Demographic data, length of stays, ventilation, and 
opioid and fluid data were collected from a DW of the 
EMR as specified below.

CLINICAL PERSPECTIVE

What Is New?
• Care curves, similar in concept to growth 

charts, can be used to describe any element of 
care in a population undergoing a procedure or 
with a specific diagnosis.

• We created care curves describing ventilatory 
support, opioid use, and fluid balance in 500 
newborns undergoing the stage 1 palliation.

What Are the Clinical Implications?
• Care curves can be used to identify the ex-

pected trajectory of a patient over time, to 
identify outlier patients, and to identify outlier 
practices when used between centers.

Nonstandard Abbreviations and Acronyms

DW data warehouse
EMR electronic medical record
FB fluid balance
MMVR mandatory mechanical ventilation rate
POD postoperative day
S1P stage 1 palliation
TDD total daily dose
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Table 1. Demographic, Clinical, and Surgical Details and Outcomes of Included Patients

Variable
Total   

(n=502)
Center 1 
(n=213)

Center 2 
(n=40)

Center 3 
(n=98)

Center 4   
(n=56)

Center 5   
(n=95) P Value

Years included, range 2011– 2018 2010– 2018 2009– 2018 2009– 2016 2011– 2016 2011– 2016 …

Age (d), median (IQR) 5 (3– 6) 4 (3– 6) 6 (5– 8) 4 (3– 6) 4 (3– 6) 5 (3– 7) <0.001

Gestational age (wk), median 
(IQR)

39 (38– 39) 38 (37– 39) 39 (38– 39) 39 (38– 39) 39 (38– 39) 39 (38– 39) <0.001

Prematurity*, n (%) 38 (8) 18 (8) 1 (3) 7 (7) 3 (5) 9 (8) 0.624

Weight (kg), median (IQR) 3.2 (2.9– 3.5) 3.2 (2.9– 3.5) 3.1 (2.8– 3.4) 3.2 (2.8– 3.5) 3.3 (3.0– 3.6) 3.2 (2.8– 3.5) 0.700

Sex (male), n (%) 330 (66) 150 (70) 26 (65) 65 (66) 34 (61) 55 (58) 0.256

Cardiac diagnosis, n (%)

HLHS 442 (88) 173 (81) 40 (100) 98 (100) 48 (86) 83 (87)

DILV/DIRV 19 (4) 12 (6) 0 (0) 0 (0) 5 (9) 2 (2)

AV canal, unbalanced 17 (4) 13 (6) 0 (0) 0 (0) 3 (5) 1 (1) <0.001†

DORV, hypo LV 8 (2) 3 (1) 0 (0) 0 (0) 0 (0) 5 (5)

TA 14 (3) 10 (5) 0 (0) 0 (0) 0 (0) 4 (4)

Other 2 (0) 2 (1) 0 (0) 0 (0) 0 (0) 0 (0)

Surgical characteristics

Type of shunt, n (%)

Blalock- Taussig shunt 173 (34) 46 (22) 12 (30) 27 (28) 30 (54) 58 (61) <0.001

Sano shunt 329 (66) 167 (78) 28 (70) 71 (72) 26 (46) 37 (39)

CPB time, min 166 (140– 206) 176 (142– 217) 181 (142– 198) 164 (147– 210) 85 (79– 93) 185 (162– 212) <0.001

DHCA time, min 10 (4– 26) 11 (5– 25) 2 (0– 4) 5 (3– 9) 45 (40– 49) 9 (8– 13) <0.001

Aortic clamp time, min 78 (60– 105) 94 (72– 128) 58 (52– 70) 67 (61– 75) 45 (40– 49) 98 (87– 113) <0.001

ECMO support

ECMO support within 28 d, 
n (%)

50 (10) 29 (14) 6 (15) 7 (7) 1 (2) 6 (6) 0.027

Failure to wean from CPB, 
n (%)

23 (5) 12 (6) 6 (15) 1 (1) 0 (0) 4 (4) <0.001†

Time from surgery to 
ECMO (d), median (IQR)

1 (0– 9) 1 (0– 8) 0 (0– 0) 2 (1– 10) 26 0 (0– 15) 0.116

ECMO duration (d), 
median (IQR)

5 (3– 10) 6 (2– 13) 5 (3– 12) 3 (2– 9) 4 4 (3– 8) 0.699

Mandatory ventilation

Length of mandatory 
ventilation (d), median (IQR)

8 (5– 16) 12 (8– 21) 12 (8– 21) 6 (4– 13) 3 (2– 4) 6 (5– 12) <0.001

Minimum ventilation rate per 
day (breaths/min), median 
(IQR)‡

14 (11– 17) 14 (12– 18) 20 (18– 26) 14 (12– 16) 10 (8– 10) 12 (0– 14) <0.001

Opioid use

Firstline opioid infusion, n (%)

Fentanyl 334 (66) 140 (66) 14 (35) 32 (33) 56 (100) 92 (97) <0.001

Morphine 168 (34) 73 (34) 26 (65) 66 (67) 0 (0) 3 (3)

Length of opioid 
administration (d), n (%)

13 (8– 25) 15 (10– 27) 16 (9– 27) 15 (7– 24) 6 (3– 10) 12 (8– 26) <0.001

Opioid TDD (morphine 
equivalents, mg/kg per d), 
median (IQR)‡

0.57 (0.16– 1.65) 0.79 (0.26– 2.1) 1.17 (0.48– 2.41) 0.42 (0.13– 1.59) 0.15 (0.06– 0.73) 0.34 (0.16– 1.14) <0.001

Fluid management

Daily intake (mL/kg per d), 
median (IQR)‡

136 (124– 152) 135 (121– 147) 144 (131– 159) 147 (134– 157) 130 (118– 151) 132 (111– 156) <0.001

Daily output (mL/kg per d), 
median (IQR)‡

108 (94– 122) 112 (102– 131) 117 (108– 128) 108 (97– 120) 59 (75– 53) 100 (91– 122) <0.001

Daily fluid balance (mL/kg 
per d), median (IQR)‡

25 (15– 39) 18 (7– 26) 25 (19– 34) 35 (25– 41) 71 (48– 86) 26 (18– 39) <0.001

 (Continued)
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To facilitate uniform data collection among centers, 
we established a common data dictionary as well as 
structured query language data extraction coding 
among centers for use within each institution’s DW 
infrastructure. Each center was responsible for un-
derstanding their local data infrastructure and altering 
code as required. Data were queried using SAS version 
9.4 (Cary, NC) or Python version 3.7 (Fredericksburg, 
VA). Following extraction, an investigator at each cen-
ter manually confirmed a subset of the data (10%) 
against the source EMR. As has been accomplished 
by others, we obtained 100% concordance with the 
EMR after correcting errors in categorization and tim-
ing that are part of DW generation.10 Data were then 
transferred to the coordinating center for transforma-
tion into the following variables for each postoperative 
day 0 through 28.

To represent the degree of mechanical ventilation 
support per day, we computed the minimum MMVR 
as the lowest intermittent mandatory ventilator rate 
between 7 am of the postoperative day and 7 am of 
the following day. A daily MMVR of 0 may represent 
a pressure support trial or an extubated patient, 
whereas an MMVR of 18 would represent a patient 
who remained fully ventilated for the entire day. We 
empirically chose this variable as one that is com-
monly weaned in pediatric patients11 and which in 
our opinion was a single data element to reflect the 
degree of respiratory support a patient was receiv-
ing over time. To represent opioid use, we computed 
the total daily dose (TDD) of opioids in morphine 
equivalents as follows: morphine IV 1  mg=mor-
phine PO 3  mg=fentanyl IV 0.01  mg=methadone 
IV/PO 1  mg=hydromorphone 0.15  mg=oxycodone 
1  mg=hydrocodone 1  mg.12 For each day, the ac-
cumulated infusion and intermittent doses of each 
drug were transformed into morphine equivalents, 
normalized to dosing weight, and summed for each 

24- hour period. To represent fluid intake and FB, all 
fluid intake and output entries were summed and 
normalized to body weight and used to compute a 
daily FB. A subset (10%) of these transformations 
was confirmed to reflect the untransformed raw data 
from each institution at the coordinating center.

Statistical Analysis
Descriptive data are reported as absolute frequen-
cies and percentages for categorical variables, and as 
mean and SD or median and interquartile range (IQR) 
for continuous variables, as appropriate. Distributions 
of continuous variables were tested for normality using 
the Kolmogorov- Smirnov test.

Three distinct statistical approaches were used 
to compare the elements of care among centers. 
First, intensive care data, as well as demographic, 
clinical, and surgical details, were compared among 
centers using a univariate approach. The Pearson χ2 
test was used to test categorical data, and the Fisher 
exact test was used when expected counts were <5. 
Because of the nonnormal distribution of the con-
tinuous variables in the subgroups, a Kruskal- Wallis 
test (1- way ANOVA on ranks) was preferred over 
ANOVA to compare continuous data among groups. 
The Bonferroni- Dunn correction was used to calcu-
late the adjusted P value for pairwise comparisons 
among centers, in order to specify between- center 
differences.

Secondly, we used a Kaplan- Meier analysis and 
log- rank test with overall and pairwise comparison 
(Bonferroni correction) to compare times to freedom- 
from- MMVR and time to freedom- from- opioids 
among centers. Cox proportional hazard modeling, 
a semiparametric statistic using time- related data, 
was used to estimate a crude and adjusted haz-
ard ratio (HR) for each event.13 Proportional hazard 

Variable
Total   

(n=502)
Center 1 
(n=213)

Center 2 
(n=40)

Center 3 
(n=98)

Center 4   
(n=56)

Center 5   
(n=95) P Value

Patients’ outcomes

CICU length of stay (d), 
median (IQR)

16 (10– 28) 17 (11– 30) 35 (22– 56)§ 9 (7– 16) 11 (9– 16) 23 (16– 31) <0.001

Hospital length of stay (d), 
median (IQR)

34 (23– 56) 35 (24– 70) 35 (22– 56) 30 (20– 44) 22 (17– 31) 51 (35– 109) <0.001

Survival at 30 d, n (%) 473 (94) 199 (93) 36 (90) 92 (94) 52 (93) 94 (99) 0.225

Survival at discharge, n (%) 444 (88) 187 (88) 34 (85) 89 (91) 51 (91) 83 (87) 0.813

Missing data, n: age, 13; gestational age, 92; CBP, DHCA, aortic clamp times: 1; CICU and hospital length of stay, 4. AV indicates atrioventricular; CICU, 
cardiac intensive care unit; CPB, cardiopulmonary bypass; DHCA, deep hypothermic cardiac arrest; DILV, double inlet left ventricle; DIRV, double inlet right 
ventricle; DORV, double outlet right ventricle; ECMO, extracorporeal membrane oxygenation; HLHS, hypoplastic left heart syndrome; IQR, interquartile range; 
LV, left ventricle; TA, tricuspid atresia; and TDD, total daily dose.

*Prematurity is defined as <37 weeks estimated gestational age.
†Fisher exact test. Bonferroni- corrected pairwise comparisons are reported in Table S1. 
‡Values are medians (IQR) of median ventilation rate per day per patient. 
§ICU and hospital length of stay identical at Center 2 because of a center- specific care model dictating location of care. 

Table 1. Continued
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assumptions were checked by comparing the log- 
log curve versus log- time. Variables included in 
the multivariable model were age at surgery, sex, 
prematurity, diagnosis (hypoplastic left heart syn-
drome versus other anatomies), shunt type, surgical 
times (cardiopulmonary bypass time, aortic clamp 
time, deep hypothermic circulatory arrest time), and 
ECMO use in the first 28 PODs. A backward con-
ditional strategy was used for entry and retention 
of variables in the multivariable model. A candidate 
variable was retained in the model if the P value was 
<0.05. Age and weight were tested for correlation 
using Spearman ρ test according to their nonpara-
metric distribution. Since a significant correlation 
was proven, only age was included in the model. 
Results were expressed in terms of HRs and 95% 
CIs.

Finally, we modeled our 3 main end points over 
time using generalized mixed- effects linear models,14 
allowing analysis for associations between predictors 
and changes of continuous outcomes repeatedly mea-
sured over time (Data S1).

Development of Care Curves
Daily MMVR, opioid TDD, and daily FB were plotted 
over time onto growth chart– like curves that display 
median and percentiles (5, 25, 75, and 95) of each 
measure over time. A comprehensive care curve for 
each variable was created to represent the entire 
cohort.

RESULTS
Study Population
Of the 583 patients undergoing S1P during the study 
period, 81 were excluded for missing element- of- 
care data such that 502 patients were included. 
The median age at surgery was 5 days (IQR, 3– 6) 
and 8% of patients were born prematurely. The me-
dian weight at surgery was 3.2 (IQR, 2.9– 3.5) kg. 
The vast majority had hypoplastic left heart syn-
drome as baseline cardiac anatomy (88%), while 
12% had other univentricular physiologies (P<0.001 
among centers, Table 1; pairwise comparisons be-
tween centers by ANOVA- rank analysis in Table S1). 
Source of pulmonary blood flow was a Sano shunt in 
66% of patients. Ischemic times differed significantly 
among centers. Specifically, Center 4 exhibited a 
median cardiopulmonary bypass time of 85 (79– 93) 
minutes, nearly 50% shorter than all other centers, 
though deep hypothermic circulatory arrest time at 
this center was significantly longer (Table 1). In the 
first 28 PODs, 10% of patients required ECMO sup-
port (P=0.027 among centers). Overall, the median 

cardiac intensive care unit length of stay was 16 
(IQR, 10– 28) days and hospital length of stay was 34 
(IQR, 23– 56) days (P<0.001 among centers). Thirty- 
day survival was 94% (P=0.225 among centers), and 
survival to hospital discharge was 88% (P=0.813 
among centers).

Mandatory Ventilation
All patients underwent mechanical ventilation in the 
postoperative period. Of them, 463 (92%) achieved a 
freedom- from- MMVR by POD 28 in a median time of 
8 (IQR, 5– 13) days, which differed significantly among 
centers (P<0.001, Figure 1A, Table S2). In the Cox re-
gression analysis, center affiliation was an independ-
ent predictor of time to freedom from MMVR (Table 2). 
Specifically, when the analysis was adjusted for base-
line demographic, clinical, and surgical characteristics, 
Centers 3, 4, and 5 were associated with a significantly 
shorter time to freedom from MMVR compared with 
Center 1 (HRCenter 3 2.10 [95% CI, 1.62– 2.71], HRCenter 

4 5.08 [3.48– 7.41], and HRCenter 5 1.71 [1.31– 2.23]). As 
visualized in Figure S1, MMVR decreases over time in 
all centers, but center affiliation was independently as-
sociated with the trajectory of the mean MMVR over 
time (Table  3). Modeled trajectories of ventilation rate 
over time for each center adjusted for baseline patients’ 
characteristics (age, anatomy, shunt type, surgical 
times, and postoperative ECMO support) are shown in 
Figure S2A; estimating equations are shown in Data S1.

Opioid Administration
The most frequent first- line opioid infusion was fenta-
nyl (66%), while morphine was used in the remaining 
34%; this finding differed by center (P<0.001). Overall, 
411 patients (82%) achieved freedom- from- opioid ad-
ministration by POD 28 in a median time of 11 (IQR, 
7– 18) days. The peak dosage of opioids took place on 
POD 2 (3.7 [IQR, 1.5– 7.5] mg morphine equivalents/kg 
per day). Time to freedom- from- opioids significantly 
differed among centers (P<0.001 by log- rank test, 
Figure 1B). After adjusting for baseline and surgical var-
iables, Center 4 was associated with a shorter time to 
freedom- from- opioids compared with Center 1 (haz-
ard ratio=HRCenter 4 2.92 [2.11– 4.04], Table  2). When 
trajectories of opioid TDD per kg over time were mod-
eled adjusting for patient’s characteristics, we found 
that the mean opioid TDD significantly decreased over 
time in all centers, but followed significantly different 
trajectories among centers (Figure  S2B, and all opi-
oid care curves in Figure  S3). Centers 1 and 3 de-
creased TDD of opioids significantly more rapidly than 
Centers 2, 4, and 5, although these centers also uti-
lized the highest TDDs in the early postoperative pe-
riod (Table 3).
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Figure 1. Kaplan- Meier curves for the outcomes freedom- from- MMVR and freedom- from- opioid- administration by center.
A, Mandatory ventilation: Among 502 patients undergoing Norwood palliation, 463 (92%) achieved a freedom- from- mandatory- ventilation 
within the first 28 postoperative days, in a median time of 8 days (IQR, 5– 13). Overall comparison of distribution by log- rank test showed a 
significant difference among centers (P<0.001). Pairwise comparisons by log- rank test using Bonferroni correction are shown in Table S2 
and showed that Center 1 differs significantly from Centers 3, 4, and 5, and Center 4 differs significantly from all other centers (all P<0.001). 
B, Opioid administration: 411 patients (82%) achieved a freedom- from- opioid- administration within the first 28 postoperative days, in a 
median time of 11 days (IQR, 7– 18). Overall comparison of distribution by log- rank test showed a significant difference among centers 
(P<0.001). Pairwise comparisons by log- rank test using Bonferroni correction are shown in Table S2 and showed that Center 4 differs 
significantly from all other centers (all P<0.001). IQR indicates interquartile range; and MMVR, mandatory mechanical ventilator rate.
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Fluid Balance
The median daily fluid intake was 136 (IQR, 124– 152) 
mL/kg per day, and median daily output was 108 (IQR, 
94– 122) mL/kg per day. Median daily FB differed sig-
nificantly among centers: Center 1 had a median daily 
FB of 18 (IQR, 7– 26) mL/kg per day on POD 0 to 28, 
Center 4 had a median daily FB of 71 (48– 86), while 
the group median was +25 (IQR, 15– 39) mL/kg per day 
(P<0.001). When data were fitted to a generalized mixed 
linear model, center affiliation was an independent pre-
dictor of the mean daily FB and its changes over time. 
Moreover, for every POD increase, each center has a 
significantly less negative FB compared with Center 1 
(Table 3). Estimated trajectories of the mean daily FB 
per kg over time for each center adjusted for baseline 
patients’ characteristics are shown in Figure S2C, and 
all FB care curves are shown in Figure S4.

Era Effect
There were no significant era- related differences in 
survival rates or in lengths of stay (Table  S3). In the 
more contemporary era, more patients received a 
Sano shunt rather than BT shunt, total cardiopulmo-
nary bypass time was longer, and aortic cross- clamp 
time was shorter. Although there were minor statisti-
cally significant differences in some of the modifiable 
end points we collected (eg, duration of opioid ad-
ministration), the majority of these end points have not 
changed significantly over time.

Development of Care Curves
Care curves for daily ventilator rate, opioid TDD, and 
daily FB in the first 28 PODs are shown in Figure  2 
and allow for the observation of important differences 
among groups.

DISCUSSION
We have shown that it is possible to extract, trans-
form, and share data describing daily intensive care 
elements from DWs housed at different institu-
tions. We demonstrate the depiction of time series 
data using care curves that are similar in concept 
to growth charts, enabling contextualization of indi-
vidual patients in a specific area of care; identifying 
institutional, disease- specific practice patterns; and 
creating targeted quality improvement opportuni-
ties. The mortality rate in this cohort was similar to 
contemporary series following S1P and did not differ 
among centers. As centers focus on improving mor-
bidity metrics in this setting, it is important to con-
sider that the modifiable elements of intensive care 
that we characterize here impact typical meaning-
ful outcomes, such as lengths of stay. To be sure, 
cardiac anatomy, ischemic times, and residual de-
fects play dominant roles not only in mortality but 
also morbidity end points. However, the factors con-
trolled in the intensive care unit— ventilation, seda-
tion, and fluid management among them— likely play 

Table 2. Univariate and Multivariable Cox Regression Analyses for Testing Center Affiliation as Predictor of the Events 
Freedom- From- MMVR and Freedom- From- Opioid- Administration

End Point and Main 
Predictor

N Events/N 
Patients (%)

Hazard Risk, 
Unadjusted P Value

Hazard Risk Adjusted for 
Baseline Factors* P Value

Freedom from mandatory ventilator rate

Center affiliation

Center 1 185/203 (87) Reference … Reference …

Center 2 38/40 (95) 1.20 (0.85– 1.70) 0.302 0.99 (0.64– 1.54) 0.984

Center 3 97/98 (99) 2.11 (1.65– 2.71) <0.001 2.10 (1.62– 2.71) <0.001

Center 4 56/56 (100) 6.93 (5.07– 9.46) <0.001 5.08 (3.48– 7.41) <0.001

Center 5 87/95 (92) 1.74 (1.35– 2.25) <0.001 1.71 (1.31– 2.23) <0.001

Freedom from opioid administration

Center affiliation

Center 1 168/203 (83) Reference Reference

Center 2 30/40 (75) 0.98 (0.66– 1.44) 0.918 0.72 (0.43– 1.21) 0.214

Center 3 85/98 (87) 1.28 (0.99– 1.66) 0.063 1.24 (0.94– 1.63) 0.130

Center 4 51/56 (91) 3.00 (2.19– 4.11) <0.001 2.92 (2.11– 4.04) <0.001

Center 5 77/95 (81) 1.18 (0.90– 1.54) 0.238 1.22 (0.93– 1.61) 0.153

Center affiliation was found to be an independent predictor of outcomes. Particularly, being affiliated to Center 3, 4, and 5 predicts a significantly shorter 
time to freedom- from- mandatory- ventilation compared with Center 1. Being affiliated to Center 4 predicts a significantly shorter time to freedom- from- opioid- 
administration compared with Center 1. CPB indicates cardiopulmonary bypass; DHCA, deep hypothermic circulatory arrest; ECMO, extracorporeal membrane 
oxygenation; HLHS, hypoplastic left heart syndrome; MMVR, mandatory mechanical ventilator rate; and POD, postoperative day.

*Models are adjusted for age, sex, prematurity, diagnosis (HLHS/not HLHS), shunt type, surgical times (CPB time, DHCA time, aortic clamp time), and ECMO 
support in the 28 PODs (yes/no).
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Table 3. Intergroup Differences in Outcomes Based on Generalized Multivariable Mixed Linear Model

End Point and Main Predictors Estimated Change (ln) (95% CI) P Value
Adjusted Estimated 
Change (ln) (95% CI) P Value

Ventilation rate, breaths/min

Intercept (Center 1) β0
3.04 (3.02– 3.06) REF 3.09 (3.04– 3.16) REF

Center 2 β1
0.36 (0.32– 0.40) <0.001 0.31 (0.26– 0.37) <0.001

Center 3 β2
0.16 (0.12– 0.20) <0.001 0.11 (0.06– 0.15) <0.001

Center 4 β3
−0.27 (−0.30 to −0.13) <0.001 −0.35 (−0.44 to −0.25) <0.001

Center 5 β4
0.07 (0.03– 0.12) 0.001 0.07 (0.03– 0.12) 0.002

Time (Center 1 per POD increment) β5
−0.09 (−0.09 to ,−0.09) <0.001 −0.09 (−0.09 to −0.09) <0.001

Center 2×POD β6
−0.01 (−0.02 to −0.01) 0.001 −0.004 (−0.003 to −0.01) 0.233

Center 3×POD β7
−0.11 (−0.12 to −0.09) <0.001 −0.11 (−0.12 to −0.09) <0.001

Center 4×POD β8
−0.40 (−0.48 to −0.32) <0.001 −0.40 (−0.48 to −0.32) <0.001

Center 5×POD β9
−0.10 (−0.12 to −0.09) <0.001 −0.10 (−0.12 to −0.09) <0.001

Opioid total daily dose, mg/kg per d

Intercept (Center 1) β0
1.96 (1.91– 2.00) REF 0.82 (0.70– 0.94) REF

Center 2 β1
−0.88 (−1.09 to −0.66) <0.001 −1.19 (−1.57 to −0.80) <0.001

Center 3 β2
−0.28 (−0.39 to −0.18) <0.001 −0.12 (−0.02 to −0.25) <0.001

Center 4 β3
−2.02 (−2.52 to −1.52) <0.001 −1.35 (−1.88 to −0.82) <0.001

Center 5 β4
−1.12 (−1.29 to −0.95) <0.001 −0.60 (−0.76 to −0.43) <0.001

Time (Center 1 per POD increment) β5
−0.15 (−0.16 to −0.14) <0.001 −0.09 (−0.09 to −0.08) <0.001

Center 2×POD β6
0.05 (0.03– 0.07) <0.001 0.003 (−0.03 to 0.03) 0.837

Center 3×POD β7
−0.02 (−0.04 to −0.01) 0.009 −0.06 (−0.08 to −0.05) <0.001

Center 4×POD β8
0.07 (0.03– 0.11) <0.001 0.01 (−0.03 to 0.05) 0.509

Center 5×POD β9
0.07 (0.05– 0.08) <0.001 0.03 (0.02– 0.043) <0.001

End Point and Main Predictors
Estimated Change 

(95% CI) P Value
Adjusted Estimated 

Change (95% CI) P Value

Daily fluid balance

Intercept (Center 1) β0
−8.66 (−11.21 to −6.10) REF −4.68 (−9.17 to −0.19) REF

Center 2 β1
20.62 (14.20– 27.05) <0.001 20.40 (13.81– 26.99) <0.001

Center 3 β2
21.40 (16.84– ,25.94) <0.001 20.99 (16.26– 25.72) <0.001

Center 4 β3
70.57 (64.97– 76.16) <0.001 67.16 (61.02– 73.3) <0.001

Center 5 β4
15.86 (11.26– 20.46) <0.001 16.01 (11.28– 20.45) <0.001

Time (Center 1 per POD increment) β5
1.27 (1.14– 1.41) <0.001 1.26 (1.13– 1.40) <0.001

Center 2×POD β6
−0.68 (−1.02 to −0.34) <0.001 −0.68 (−1.01 to −0.33) <0.001

Center 3×POD β7
−0.34 (−0.58 to −0.10) 0.005 −0.34 (−0.58 to −0.09) 0.006

Center 4×POD β8
−2.63 (−2.93 to −2.34) <0.001 −2.63 (−2.93 to −2.33) <0.001

Center 5×POD β9
−0.12 (−0.36 to −0.13) 0.335 −0.11 (−0.36 to −0.13) 0.367

Modeled mean values for POD 0 (ie, y intercept) for Center 1 (the reference center) can be calculated using β0 values for each end point; note that ventilation 
rate and opioid TDD are presented as the natural log (ln) of the intercept since these models are fitted to a logarithmic curve over time (the modeled mean 
ventilator rate for center 1 on POD 0=e3.04=20.9 breaths/min). The differences between Center 1 and Centers 2 to 5 are described as β1– 4, each with the 
corresponding P value; the modeled ventilator rate on POD 0 for Center 2=e(3.04+0.36)=29.9. Changes of each end point over time (ie, slope of the modeled 
line) are computed as β5– 9; mean ventilator rate in Center 1 on POD 10=e(3.04−[0.09×10])=8.5 breaths/min. The values are adjusted for age, diagnosis (HLHS/not 
HLHS), shunt type, surgical times (CBP time, DHCA time, aortic clamp time), and postoperative ECMO support are found in the rightward column. References 
categories for dichotomous variables not shown in the table are: HLHS, Sano, no ECMO. N observations included in the models: mandatory ventilation 
N=14 152 (97%), opioid administration N=14 117 (97%), fluid balance N=14 152 (97%). CPB indicates cardiopulmonary bypass; DHCA, deep hypothermic 
circulatory arrest; ECMO, extracorporeal membrane oxygenation; HLHS, hypoplastic left heart syndrome; POD, postoperative day; and TDD, total daily dose.
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an independent role in determining how a patient 
responds to their given anatomy, surgical care, and 
potential residual lesions. Studying and improving 
these modifiable behaviors may inform and direct in-
tra-  and interinstitutional quality improvement efforts, 
reduce hospital- acquired morbidity, reduce length of 
stay, optimize outcomes, lower cost per patient, and 
increase value.

The clinical utility of this effort takes several forms. 
On a patient level, a care curve is useful in the same 

way that a specialized growth chart is for an individual 
patient. For example, specialized growth charts for pa-
tients with cystic fibrosis are useful to track a patient’s 
growth over time and to identify deviations in trajec-
tory that might prompt further evaluation. In the same 
way, a patient who “falls off” of a mechanical venti-
lation care curve might be evaluated for a paralyzed 
diaphragm, a residual anatomic lesion, or an infection, 
for example. Here we note the importance of matching 
patients based on diagnosis and procedure, as well 

Figure 2. Exemplary care curve plots.
Care curves for (A) postoperative daily ventilation rate, (B) opioid total daily dose, and (C) daily fluid balance for all patients in the 
cohort (left) and at the 2 centers that differ from each other the most (right). Dark center line=median; dark shaded and solid middle 
lines=interquartile range; light shaded and dotted outer lines=5% and 95%.
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as potentially other variables known to affect ventilator 
performance (eg, gestational age or presence of re-
strictive atrial septum). In future work, this may best be 
done using an interactive electronic tool rather than a 
static care curve rendering.

On an institution level, a care curve is useful to iden-
tify patterns and variance among centers. In this work, 
we noted many differences between centers that may 
represent clinically actionable findings, highlighted as 
follows.

Mechanical Ventilation
Center 4, where the S1P was performed with median 
cardiopulmonary bypass time of 85 minutes (primar-
ily under deep hypothermic circulatory arrest), expe-
rienced dramatically less intense ventilation and less 
opioid use than the other centers, highlighting the 
dominant impact that operative factors have on the 
postoperative course. Still, important differences re-
main between the centers whose ischemic times were 
similar. We quantified these differences using mixed 
modeling, and these differences can also be visually 
appreciated by comparing care curves. For example, 
at Center 5, 50% of patients were weaned to a ven-
tilator rate of 10 (and thus doing the majority of their 
own work of breathing) by POD 4, a milestone that was 
not reached until POD 7 to 8 at Centers 1 and 2. The 
median time between reaching a rate of 10 and a rate 
of 0 (pressure support ventilation) also differed among 
centers, and was as high as 4 days at Center 1 and 
as low as 1 day at Center 2. These findings may lead 
to the following quality improvement efforts. First, this 
variance may diminish simply by quantifying mechani-
cal ventilation care in this way. Instead of only showing 
a target date of extubation, displaying a target weaning 
trajectory may be much more actionable. Second, our 
findings highlight the benefits of comparing the details 
of our care that may explain such variance, such as 
who weans the ventilator and according to what pro-
tocol. Care curves provide an infrastructure for com-
parison of the details between centers by quantifying 
variance.

Opioid Use
There were also major differences in the doses of opioid 
used. For example, the median narcotic dose on POD 
2 at Center 2 was 1.6 mg/kg per day morphine equiva-
lents and at Center 3 was 6.9 mg/kg per day. The rate 
of opioid weaning following the peak (most often on 
POD 2) also varied from a daily wean of 1.4 mg/kg per 
day (Center 3) to 0.5 mg/kg per day (Center 5). These 
findings may enable quality improvement by (1) rais-
ing awareness among centers, (2) creating real- time 
benchmarking for use at the bedside, and (3) informing 
updates to sedation protocols, including the choice of 

initial opioid and how medications are titrated at each 
center.

Fluid Balance
With respect to FB, Center 1 had a median FB of 
−51 mL/kg per day on POD 3, a time when median 
FB ranged between −34 and 19 mL/kg per day at the 
remaining 4 centers. The quality improvement action 
items including a detailed examination of each center’s 
practices surrounding diuretic administration and nutri-
tion, as well as the effects of these practices on renal 
function, would be important next steps.

We believe that these observations will add dimen-
sion to nationwide efforts to improve the management 
of patients following S1P. Several highly successful 
such initiatives already exist, including the Pediatric 
Cardiac Critical Care Consortium with a focus on 
postoperative cardiac care, and the National Pediatric 
Cardiology QI Collaborative with a focus on interstage 
morbidity and mortality following S1P.15– 17

In this effort, we identified several important lessons 
for the use of automatically extracted data. The first 
is the absolute importance of data integrity. While ty-
pographical errors are minimized in automated data 
extraction, it is vital to identify and correct systematic 
errors in data collection and transformation, a process 
that requires a nuanced understanding of each institu-
tion’s database infrastructure (ie, what is stored where, 
and how are entries recorded). For example, in several 
instances we encountered errant chest tube output 
values because the fluid level of the chest drainage 
system (eg, Pleur- evac) was recorded in place of the 
fluid out per hour, requiring an additional data trans-
formation step. Each of the participating institutions 
benefited from the expertise of a dedicated team who 
extracted and validated the primary data against the 
clinical EMR interface. Eventually, it would be ideal 
for such raw data elements to be transformed into a 
standard structure and maintained alongside current 
quality end points.18 The second was the establish-
ment of a centralized data coordinating center, which 
performed the data transformations and statistical 
analyses. This provided a second, external layer of 
quality checking that we found valuable. Finally, it is 
vital to create visualization tools optimized for granular 
data. Here, we plotted data in growth chart– like care 
curves that illustrate the median, variability, and trends 
over time of each variable. It is possible that the use of 
such (likely institution- specific) curves would be useful 
to identify outlier patients or to identify otherwise in-
conspicuous practice patterns. Future efforts should 
incorporate multiple related data elements into single 
parameters to further enhance data depth, such as the 
incorporation of all ventilatory parameters into a single 
numerical score.19
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We note several limitations to our work. First, there 
were many variables that contribute to outcomes that 
we did not quantify, because our purpose was not to 
create a comprehensive model of outcome but rather 
to describe differences in modifiable elements of care. 
The most important of these was the presence of 
major anatomic risk factors (eg, severe ventricular dys-
function, severe atrioventricular valve regurgitation, or 
ventriculo- coronary fistula) and technical performance 
scores.20 Collecting these data, along with other ven-
tilator parameters and noninvasive ventilatory support, 
other classes of medications (eg, sedatives, diuret-
ics, inotropes), and blood product use may allow for 
more comprehensive modeling of patient outcomes. 
Eventually, this may permit statistical weighting of each 
of the contributions that each of these factors make 
on outcomes. Second, there were several potential 
sources of bias in our study. Our observations span a 
10- year period of time (with some intercenter variability) 
during which practice may have varied, including the 
implementation of new clinical guidelines for intensive 
care unit management.21 We also excluded 81 patients 
for whom data capture in the DW was incomplete. 
Finally, not all centers reported data for nonhypoplastic 
left heart syndrome S1P procedures.

CONCLUSIONS
It is possible to create “care curves” and compare indi-
vidual elements of care over time that highlight impor-
tant modifiable differences in intensive care. MMVR, 
opioid TDD, and FB following S1P differ in clinically and 
statistically significant ways among centers even after 
adjusting for patient and operative factors. In the con-
text of already excellent clinical outcomes, these dif-
ferences suggest that care can be further optimized to 
improve alternative end points, such as length of stay, 
cost, and comfort.
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Model 2 

Proportional hazard assumptions were checked by comparing the log-log curve versus log-time. 

Variables included in the multivariable model were age at surgery, sex, prematurity, diagnosis 

(hypoplastic left heart syndrome [HLHS] vs other anatomies), shunt type, surgical times 

(cardiopulmonary bypass [CPB] time, aortic clamp time, deep hypothermic cardiac arrest [DHCA] 

time), and ECMO use in the first 28 PODs.  A backward conditional strategy was used for entry 

and retention of variables in the multivariable model.  A candidate variable was retained in the 

model if the P value was <0.05. Age and weight were tested for correlation using Spearman’s Rho 

test according to their non-parametric distribution.  Since a significant correlation was proven, 

only age was included in the model.  Results were expressed in terms of hazard ratios and 95% 

CIs.  

 

Model 3 

Each element of care (MMVR, opioid TDD and daily FB) was modeled over time using log-normal 

distribution (for MMVR and opioid TDD) or normal distribution (FB).  Center affiliation was 

tested as the main predictor of the element trajectory over time, keeping the other variables 

constant.  A first model included a fixed effect for center affiliation, time (days from surgery), 

interaction center*time, and random effect for subjects. A subsequent multivariable model was 

finally developed for each element of care adjusting for age, diagnosis, shunt type, surgical times 

and ECMO support (yes/no).  All results were scaled to mean changes in the elements of care and 



95% CIs.  Model fit was checked using residual plots.   All statistical analyses were performed 

using IBM SPSS (version 25.0, IBM Corp. Armonk, New York, U.S.A.) and R (version 3.6.2., R 

Core Team, R Foundation for Statistical Computing, Vienna, Austria).  

 

Supplemental Results 

 

 

Estimating equations for unadjusted models: 

𝑀𝑀𝑉𝑅𝑖
̂ =  𝑒Λ(3.04 + 0.36 ∗ 𝐶𝑒𝑛𝑡𝑒𝑟2𝑖 + 0.16 ∗ 𝐶𝑒𝑛𝑡𝑒𝑟3𝑖 − 0.27 ∗ 𝐶𝑒𝑛𝑡𝑒𝑟4𝑖 + 0.07

∗ 𝐶𝑒𝑛𝑡𝑒𝑟5𝑖 − 0.09 ∗ 𝑇𝑖𝑚𝑒𝑖 − 0.01 ∗ 𝐶𝑒𝑛𝑡𝑒𝑟2𝑖 ∗ 𝑇𝑖𝑚𝑒𝑖 − 0.11 ∗ 𝐶𝑒𝑛𝑡𝑒𝑟3𝑖

∗ 𝑇𝑖𝑚𝑒𝑖 − 0.40 ∗ 𝐶𝑒𝑛𝑡𝑒𝑟4𝑖 ∗ 𝑇𝑖𝑚𝑒𝑖 − 0.10 ∗ 𝐶𝑒𝑛𝑡𝑒𝑟5𝑖 ∗ 𝑇𝑖𝑚𝑒𝑖 + 𝑏𝑖 + 𝜀𝑖) 
 

𝑇𝑇𝐷�̂� =  𝑒Λ(1.96 − 0.88 ∗ 𝐶𝑒𝑛𝑡𝑒𝑟2𝑖 − 0.28 ∗ 𝐶𝑒𝑛𝑡𝑒𝑟3𝑖 − 2.02 ∗ 𝐶𝑒𝑛𝑡𝑒𝑟4𝑖 − 1.12 ∗ 𝐶𝑒𝑛𝑡𝑒𝑟5𝑖

− 0.15 ∗ 𝑇𝑖𝑚𝑒𝑖 + 0.05 ∗ 𝐶𝑒𝑛𝑡𝑒𝑟2𝑖 ∗ 𝑇𝑖𝑚𝑒𝑖 − 0.02 ∗ 𝐶𝑒𝑛𝑡𝑒𝑟3𝑖 ∗ 𝑇𝑖𝑚𝑒𝑖 + 0.07
∗ 𝐶𝑒𝑛𝑡𝑒𝑟4𝑖 ∗ 𝑇𝑖𝑚𝑒𝑖 + 0.07 ∗ 𝐶𝑒𝑛𝑡𝑒𝑟5𝑖 ∗ 𝑇𝑖𝑚𝑒𝑖 + 𝑏𝑖 + 𝜀𝑖) 

 

𝐹𝐵𝑖
̂ =  −8.66 + 20.62 ∗ 𝐶𝑒𝑛𝑡𝑒𝑟2𝑖 + 21.40 ∗ 𝐶𝑒𝑛𝑡𝑒𝑟3𝑖 + 70.57 ∗ 𝐶𝑒𝑛𝑡𝑒𝑟4𝑖 + 15.86

∗ 𝐶𝑒𝑛𝑡𝑒𝑟5𝑖 + 1.27 ∗ 𝑇𝑖𝑚𝑒𝑖 − 0.68 ∗ 𝐶𝑒𝑛𝑡𝑒𝑟2𝑖 ∗ 𝑇𝑖𝑚𝑒𝑖 − 0.34 ∗ 𝐶𝑒𝑛𝑡𝑒𝑟3𝑖

∗ 𝑇𝑖𝑚𝑒𝑖 − 2.63 ∗ 𝐶𝑒𝑛𝑡𝑒𝑟4𝑖 ∗ 𝑇𝑖𝑚𝑒𝑖 − 0.12 ∗ 𝐶𝑒𝑛𝑡𝑒𝑟5𝑖 ∗ 𝑇𝑖𝑚𝑒𝑖 + 𝑏𝑖 + 𝜀𝑖 
 

Estimating equations for adjusted models: 

𝑀𝑀𝑉𝑅𝑖
̂ =  𝑒Λ(3.09 + 0.31 ∗ 𝐶𝑒𝑛𝑡𝑒𝑟2𝑖 + 0.11 ∗ 𝐶𝑒𝑛𝑡𝑒𝑟3𝑖 − 0.35 ∗ 𝐶𝑒𝑛𝑡𝑒𝑟4𝑖 + 0.07 ∗ 𝐶𝑒𝑛𝑡𝑒𝑟5𝑖

− 0.09 ∗ 𝑇𝑖𝑚𝑒𝑖 − 0.004 ∗ 𝐶𝑒𝑛𝑡𝑒𝑟2𝑖 ∗ 𝑇𝑖𝑚𝑒𝑖 − 0.11 ∗ 𝐶𝑒𝑛𝑡𝑒𝑟3𝑖 ∗ 𝑇𝑖𝑚𝑒𝑖 − 0.40
∗ 𝐶𝑒𝑛𝑡𝑒𝑟4𝑖 ∗ 𝑇𝑖𝑚𝑒𝑖 − 0.10 ∗ 𝐶𝑒𝑛𝑡𝑒𝑟5𝑖 ∗ 𝑇𝑖𝑚𝑒𝑖−0.0004 ∗ 𝐴𝑔𝑒𝑖 + 0.001 ∗ 𝐶𝑃𝐵𝑡𝑖𝑚𝑒𝑖

+ 0.003 ∗ 𝐷𝐻𝐶𝐴𝑡𝑖𝑚𝑒𝑖 − 0.002 𝐴𝐶𝐶𝑡𝑖𝑚𝑒𝑖 + 0.005 ∗ 𝐻𝐿𝐻𝑆𝑖 − 0.19 ∗ 𝑆𝑎𝑛𝑜𝑆ℎ𝑢𝑛𝑡𝑖

+ 0.02 ∗ 𝐸𝐶𝑀𝑂𝑖 + 𝑏𝑖 + 𝜀𝑖)  
 

𝑇𝑇𝐷�̂� =  𝑒Λ(0.82 − 1.19 ∗ 𝐶𝑒𝑛𝑡𝑒𝑟2𝑖 − 0.12 ∗ 𝐶𝑒𝑛𝑡𝑒𝑟3𝑖 − 1.35 ∗ 𝐶𝑒𝑛𝑡𝑒𝑟4𝑖 − 0.60 ∗ 𝐶𝑒𝑛𝑡𝑒𝑟5𝑖

− 0.09 ∗ 𝑇𝑖𝑚𝑒𝑖 + 0.003 ∗ 𝐶𝑒𝑛𝑡𝑒𝑟2𝑖 ∗ 𝑇𝑖𝑚𝑒𝑖 − 0.06 ∗ 𝐶𝑒𝑛𝑡𝑒𝑟3𝑖 ∗ 𝑇𝑖𝑚𝑒𝑖 + 0.01
∗ 𝐶𝑒𝑛𝑡𝑒𝑟4𝑖 ∗ 𝑇𝑖𝑚𝑒𝑖 + 0.03 ∗ 𝐶𝑒𝑛𝑡𝑒𝑟5𝑖 ∗ 𝑇𝑖𝑚𝑒𝑖 +0.004 ∗ 𝐴𝑔𝑒𝑖 + 0.005
∗ 𝐶𝑃𝐵𝑡𝑖𝑚𝑒 + 0.008 ∗ 𝐷𝐻𝐶𝐴𝑡𝑖𝑚𝑒𝑖 − 0.006 ∗ 𝐴𝐶𝐶𝑡𝑖𝑚𝑒𝑖 + 0.98 ∗ 𝐻𝐿𝐻𝑆𝑖

+ 0.12 ∗ 𝑆𝑎𝑛𝑜𝑆ℎ𝑢𝑛𝑡𝑖 + 0.89 ∗ 𝐸𝐶𝑀𝑂𝑖 + 𝑏𝑖 + 𝜀𝑖) 
 

𝐹𝐵𝑖
̂ =  −4.68 + 20.40 ∗ 𝐶𝑒𝑛𝑡𝑒𝑟2𝑖 + 20.99 ∗ 𝐶𝑒𝑛𝑡𝑒𝑟3𝑖 + 67.16 ∗ 𝐶𝑒𝑛𝑡𝑒𝑟4𝑖 + 16.01

∗ 𝐶𝑒𝑛𝑡𝑒𝑟5𝑖 + 1.26 ∗ 𝑇𝑖𝑚𝑒𝑖 − 0.68 ∗ 𝐶𝑒𝑛𝑡𝑒𝑟2𝑖 ∗ 𝑇𝑖𝑚𝑒𝑖 − 0.34 ∗ 𝐶𝑒𝑛𝑡𝑒𝑟3𝑖

∗ 𝑇𝑖𝑚𝑒𝑖 − 2.63 ∗ 𝐶𝑒𝑛𝑡𝑒𝑟4𝑖 ∗ 𝑇𝑖𝑚𝑒𝑖 − 0.11 ∗ 𝐶𝑒𝑛𝑡𝑒𝑟5𝑖

∗ 𝑇𝑖𝑚𝑒𝑖−0.004 ∗ 𝐴𝑔𝑒𝑖 − 0.04 ∗ 𝐶𝑃𝐵𝑡𝑖𝑚𝑒𝑖 + 0.001 ∗ 𝐷𝐻𝐶𝐴𝑡𝑖𝑚𝑒𝑖

+ 0.006 𝐴𝐶𝐶𝑡𝑖𝑚𝑒𝑖 + 0.75 ∗ 𝑆𝑎𝑛𝑜𝑆ℎ𝑢𝑛𝑡𝑖 + 2.66 ∗ 𝐻𝐿𝐻𝑆𝑖 + 0.14 ∗ 𝐸𝐶𝑀𝑂𝑖 + 𝑏𝑖

+ 𝜀𝑖 
 
  



Table S1. Pairwise comparisons of Centers by ANOVA-rank analysis (Table 1). 

 

Variable 
Centers 

1-2 1-3 1-4 1-5 2-3 2-4 2-5 3-4 3-5 4-5 

Age at surgery 0.002 1.000 1.000 0.032 0.012 0.005 0.656 1.000 0.346 0.139 

Gestational age 0.046 0.003 0.007 1.000 1.000 1.000 0.641 1.000 0.393 0.419 

CPB time 1.000 1.000 <0.001 0.197 1.000 <0.001 1.000 <0.001 0.188 <0.001 

DHCA time <0.001 <0.001 <0.001 1.000 0.005 <0.001 <0.001 <0.001 0.011 <0.001 

Aortic clamp time <0.001 <0.001 <0.001 0.696 1.000 0.067 <0.001 <0.001 <0.001 <0.001 

CICU length of stay <0.001 <0.001 0.001 0.005 <0.001 <0.001 0.323 1.000 <0.001 <0.001 

Hospital length of stay 1.000 0.219 <0.001 <0.001 1.000 0.010 0.009 0.089 <0.001 <0.001 

Duration of mandatory ventilation 1.000 <0.001 <0.001 <0.001 0.001 <0.001 0.004 <0.001 1.000 <0.001 

Median MVR per day per patient 0.002 <0.001 <0.001 0.069 1.000 <0.001 0.492 <0.001 0.131 <0.001 

Daily fluid balance per kg per patient 0.045 <0.001 <0.001 <0.001 0.178 <0.001 1.000 <0.001 0.185 <0.001 

Daily fluid intake per kg per patient 0.016 <0.001 1.000 1.000 1.000 0.027 0.008 0.001 <0.001 1.000 

Daily fluid output per kg per patient 1.000 0.390 <0.001 0.004 0.086 <0.001 0.003 <0.001 1.000 <0.001 

Duration of opioid administration 1.000 0.694 <0.001 0.350 1.000 <0.001 1.000 <0.001 1.000 <0.001 

Opioid total daily dose per patient 0.845 0.001 <0.001 0.316 0.001 <0.001 0.046 1.000 1.000 0.186 

 

P values are adjusted p values by Bonferroni-Dunn correction for multiple tests. Significance 

level is set at two-sided p value <0.05. CBP: cardiopulmonary by-pass; CICU: cardiac intensive 

care unit; DHCA: deep hypothermic circulatory arrest; MMVR: minimum mandatory ventilation 

rate. 

 
 
  



Table S2. Pairwise comparisons of Kaplan-Meier curves by Log-rank test (Figure 1). 
 

Variable 
Centers 

1-2 1-3 1-4 1-5 2-3 2-4 2-5 3-4 3-5 4-5 

Freedom from mandatory ventilation 1.000 <0.001 <0.001 <0.001 0.010 <0.001 0.310 <0.001 1.000 <0.001 

Freedom from opioid administration 1.000 0.500 <0.001 1.000 1.000 <0.001 1.000 <0.001 1.000 <0.001 

 
P values are adjusted p values by Bonferroni correction for multiple tests. Significance level is 

set at two-sided p value <0.05.  

  



Table S3. Demographic, clinical, surgical details and outcomes of included patients according with era.   

 

Variable 
Total 

(n=502) 

2009-2014 

(n=279) 

2015-2018 

(n=223) 

P-

value  
Age (days), median (IQR) 

Gestational age (weeks), median (IQR) 
Prematurity*, n (%) 

5 (3-6) 

39 (38-39) 

38 (8) 

5 (3-6) 

39 (38-39) 

20 (7) 

5 (3-6) 

39 (38-39) 

28 (8) 

0.632 

0.831 
0.704 

Weight (kg), median (IQR) 3.2 (2.9-3.5) 3.2 (2.8-3.5) 3.2 (3.0-3.5) 0.034 

Sex (male), n (%) 330 (66) 180 (65) 150 (67) 0.519 

Cardiac diagnosis, n (%) 
HLHS 

DILV/DIRV 

AV canal, unbalanced 
DORV, hypo LV 

TA 

Other 

 
442 (88) 

19  (4) 

17 (4) 
8 (2) 

14 (3) 

2 (0) 

 
248 (89) 

7 (3) 

7 (3) 
6 (2) 

9 (3) 

2 (1) 

 
194 (87) 

12 (5) 

10 (5) 
2 (1) 

5 (2) 

0 (0) 

 
 

 

0.204# 

Surgical characteristics 

Type of Shunt, n (%) 

Blalock-Taussig shunt 

Sano shunt 

CPB time (min) 

DHCA time (min) 
Aortic clamp time (min) 

 

 

173 (34) 

329 (66) 

166 (140-206) 

10 (4-26) 
78 (60-105) 

 

 

111 (40) 

168 (60) 

161 (141-296) 

10 (6-28) 
82 (64-110) 

 

 

 

62 (28) 

161 (72) 

183 (138-222) 

9 (4-21) 
73 (58-97) 

 

 
0.005 

 

0.004 

0.022 

0.005 

ECMO support 

ECMO support within 28 days, n (%) 
Failure to wean from CPB, n (%) 

Time from surgery to ECMO (days), median (IQR) 

ECMO duration (days), median (IQR) 

 

50 (10) 
23 (5) 

1 (0-9) 

5 (3-10) 

 

27 (10) 
10 (4) 

1 (0-15) 

4 (2-11) 

 

23 (10) 
13 (6) 

0 (0-3) 

6 (3-8) 

 

0.813 
0.232 

0.134 

0.463 

Mandatory ventilation 

Length of mandatory ventilation (days), median (IQR) 

Minimum ventilation rate per day (breaths/min), median (IQR)** 

 

8 (5-16)  

14 (11-17) 

 

8 (5-15)  

14 (10-16) 

 

9 (5-17)  

14 (12-18) 

 

0.238 

0.002 

Opioid use 
First line opioid infusion, n (%) 

Fentanyl 

Morphine 
Length of opioid administration (days), n (%) 

Opioid TDD (morphine equivalents, mg/kg/day), median (IQR)** 

 
 

334 (66) 

168 (34) 
13 (8-25) 

0.57 (0.16-1.65) 

 
 

184 (66) 

95 (34) 
13 (8-24) 

0.50 (0.19-1.42) 

 
 

150 (67) 

73 (32) 
14 (9-26) 

0.64 (0.15-2.08) 

 

 
0.756 

 

0.035 

0.413 

Fluid management 
Daily intake (ml/kg/day), median (IQR)** 

Daily output (ml/kg/day), median (IQR)** 

Daily fluid balance (ml/kg/day), median (IQR)** 

 
136 (124-152) 

108 (94-122) 

25 (15-39) 

 
136 (121-152) 

106 (93-120) 

27 (15-40) 

 
137 (125-150) 

111 (95-125) 

24 (14-39) 

 
0.565 

0.044 

0.163 

Patients’ outcomes 

CICU length of stay (days), median (IQR) 

Hospital length of stay (days), median (IQR) 
Survival at 30 days, n (%) 

Survival at discharge, n (%) 

 

16 (10-28) 

34 (23-56) 
473 (94) 

444 (88) 

 

17 (11-26) 

34 (23-53) 
264 (95) 

246 (88) 

 

16 (10-31) 

35 (24-62) 
209 (94) 

198 (89) 

 

0.634 

0.421 
0.667 

0.830 

 

 

*Prematurity is defined as <37 weeks estimated gestational age; **values are medians (IQR) of median 

ventilation rate per day per patient; ***, ICU and hospital LOS identical at Center 2 due to a center-specific 

care model dictating location of care; #Fisher’s Exact test. AV: atrioventricular; CICU: cardiac intensive care 

unit; CPB: cardiopulmonary bypass; DHCA: deep hypothermic cardiac arrest; DILV: double inlet left ventricle; 

DIRV: double inlet right ventricle; DORV: double outlet right ventricle; ECMO: extracorporeal membrane 

oxygenation; HLHS: hypoplastic left heart syndrome; IQR: inter-quartile range; LV: left ventricle; POD: post-

operative day; TA: tricuspid atresia; TDD: total daily dose. Missing data, n: age, 13; gestational age, 92; CBP, 

DHCA, aortic clamp times: 1; CICU and hospital length of stay, 4. 

 

 



Figure S1. Care curves for minimum mandatory mechanical ventilation rate for POD 0-28 

at Centers 1 through 5 demonstrate important differences among groups.   

 

 

 
 

For example, at Center 5, 50% of patients were weaned to a ventilator rate of 10 (and thus doing 

the majority of their own work of breathing) by POD 4, a milestone that was not reached until 

POD 7-8 at Centers 1 and 2.  The median time between reaching a rate of 10 and a rate of 0 

(pressure support ventilation) also differed among centers, and was as high as 4 days at Center 1 

and low as 1 day at Center 2. Dark center line = median; dark shaded and solid middle lines = 

interquartile range; light shaded and dotted outer lines = 5 and 95%.   
  



Figure S2. Estimated mean values of daily ventilation rate, opioid total daily dose, and 

daily fluid balance over time according to center affiliation.   

 



When adjusted for baseline characteristics, center affiliation is still an independent predictor of 

ventilation rate, opioid total daily dose and fluid balance trajectories over time and daily changes.  

Fitted distribution are logarithmic for ventilation rate and opioid total daily dose, linear for daily 

fluid balance. Models are adjusted for age, diagnosis (HLHS/not HLHS), shunt type, surgical 

times (CBP time, DHCA time, aortic clamp time), ECMO support in the 28 PODs (yes/no).  

Reference categories for adjusting binary factors are HLHS, Sano, no ECMO. N observations 

included for modeling: mandatory ventilation N=14152 (97%), opioid administration N=14117 

(97%), fluid balance N=14152 (97%). 

  



Figure S3. Care curves opioid total daily dose for POD 0-28 at Centers 1 through 5.   
 

 
 

The median narcotic dose on POD 2 at Center 2 was 1.6 mg/kg/day morphine equivalents and at 

Center 3 was 6.9 mg/kg/day.  The rate of opioid weaning following the peak (most often on POD 

2) also varied from a daily wean of 1.4 mg/kg/day (Center 3) to 0.5 mg/kg/day (Center 5).  Dark 

center line = median; dark shaded and solid middle lines = interquartile range; light shaded and 

dotted outer lines = 5 and 95%.   



Figure S4. Care curves daily fluid balance for POD 0-28 at Centers 1 through 5.   
 

 
 

 

Center 1 had a median fluid balance of -51 mL/kg/day on POD 3, a time when median fluid 

balance ranged between -34 to +18 mL/kg/day at the remaining 4 centers.  Dark center line = 

median; dark shaded and solid middle lines = interquartile range; light shaded and dotted outer 

lines = 5 and 95%.    


