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ABSTRACT: Objective: The objective of this study was to understand intraoperative risk factors for post-Norwood
extracorporeal membrane oxygenation (ECMO) in patients with hypoplastic left heart syndrome (HLHS). Methods:
We conducted a retrospective, single-institution review of all patients with HLHS who underwent a Norwood procedure
(nadir cardiopulmonary bypass temperature < 22°C) over a 12-year period with quantitative and qualitative analysis.
Results: Of 102 Norwood patients, 14 (13.7%) required ECMO. ECMO patients had longer median cardiopulmonary
bypass (CPB) times (276 vs. 172 min, p < 0.001) and myocardial ischemic times (98.5 vs 83 min, p = 0.021). Longer
CPB time was associated with ECMO (OR 1.04, p = 0.001); the converse was true for myocardial ischemic time (OR
0.94, p = 0.029). For patients with long CPB times (>205 min), 41.9% (13/31) required ECMO. A narrative review
for patients with long CPB times revealed suboptimal surgical management in 76.9% (10/13) of ECMO cases, with
incorrect problem assessment leading to unnecessary revisions being most common. Conclusion: The qualitative
analysis of prolonged CPB time and ECMO highlighted critical surgical decision-making, including consideration for
extension of ischemic vs non-ischemic approaches to optimize surgical repair.
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1 Introduction

Extracorporeal membrane oxygenation (ECMO) is a known risk factor for mortality following the
Norwood procedure, with some studies indicating longer support times on ECMO being associated with
higher rates of mortality [1-3]. Factors associated with the institution of ECMO after Norwood palliation
include, but are not limited to, low birth weight, small ascending aorta (<2 mm), and longer cardiopulmonary
bypass (CPB) times [4]. However, the survival benefits related to the institution of ECMO in certain critically
ill patients post-Norwood have been established [5]. Moreover, and perhaps intuitively, recent literature
demonstrates the early institution of ECMO being associated with lower mortality rates when compared to
later institution [6].

The objective of this study was to further classify risk factors associated with ECMO following
Norwood palliation for hypoplastic left heart syndrome (HLHS). A recent study highlighted the utility of
narrative analyses to delineate risk and emphasized the need for additional risk stratification for congenital
heart disease surgeries [7]. Accordingly, we conducted classical and narrative analyses to add insights on
this topic.
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2 Material and Methods
2.1 Subjects

All HLHS patients who underwent a Norwood procedure (nadir CPB temperature < 22°C) over a
12-year period ending in 2019 at Children’s Wisconsin were included in this study (n = 102). Patient’s who
underwent a Norwood with a CPB temperature > 22°C were excluded. The CPB technique included full-flow
pH-stat bypass for cooling and preferential use of antegrade cerebral perfusion at 45-55 mL/kg/min via an
innominate artery graft to limit circulatory arrest time when possible. All patients had a period of deep
hypothermic circulatory arrest (DHCA) (range 1-50 min), albeit sometimes only briefly to allow for transfer
of the arterial perfusion cannula. From 2016 to 2022, 3 patients had a nadir CPB temperature of 28°C, and
23 underwent repair involving a dual aortic perfusion technique at 32°C. These patients were excluded
from the analysis to minimize variation in the sample. Those with long CPB times (>205 min) underwent
narrative analysis. Research involving human subjects complied with all relevant national regulations,
institutional policies, is in accordance with the tenets of the Helsinki Declaration (as revised in 2013) and
has been approved by the Medical College of Wisconsin Institutional Review Board, which granted this
study exempt (PRO00045570, 2/2/2023) for retrospective record review and waived the requirement for
informed consent. Patient demographics and variables represent values at the time of Norwood operation.
The primary outcome of ECMO was met if a patient was placed on ECMO within 48 postoperative hours.

2.2 Statistical Analyses

Patient and treatment characteristics were summarized as number (percent), mean (95% confidence
intervals), or median (interquartile interval) for skewed data. Univariable and multivariable logistic
regression techniques were used to assess the relationship of factors associated with ECMO. Cut points for
long CPB and ischemia times were derived from logistic regression by the Liu method, which maximizes
the product of sensitivity and specificity. After identifying contradictory signals for ischemia time,
exploration analyses were conducted. Informed by insights from the narrative review, the ischemia time
and non-ischemic CPB time were included in non-linear models, with stepwise and Bayesian techniques
for factor selection and breakpoint identification. The interaction of ischemia time and non-ischemic CPB
time was included in a nonlinear model with adjustment for significant cofactors and expressed graphically.
Analyses were conducted with Stata Software V18, with p < 0.05 representing statistical significance.

2.3 Narrative Analysis

Operative reports, anesthesia records, and intensive care unit notes of all patients were reviewed by
the senior author. All Norwood operations were conducted by senior surgeons. The formal narrative review
of patients with long CPB time involved review of operative reports by two senior authors (a pediatric
cardiothoracic surgeon and a pediatric cardiac anesthesiologist, both with extensive clinical experience).
Patients were then stratified into categories determined to be the primary reason behind long support times.
Further validation of the narrative analysis, aside from mutual agreement by the two senior authors, was
not pursued in this small cohort retrospective study.

3 Results
3.1 Statistical Results
A total of 102 HLHS patients underwent a Norwood procedure over a 12-year period ending in 2019. Of

these, 14 (13.7%) required postoperative ECMO. Table 1 depicts the univariable analyses of preoperative and
perioperative variables and outcomes, respectively. Patients were similar in most characteristics. Compared



Congenit Heart Dis. 2025;20(6) 685

to no-ECMO, those placed on ECMO had a longer median CPB time (276 min vs. 172 min, p < 0.001) and a
longer median myocardial ischemic time (98.5 min vs. 83 min, p = 0.021).

Table 1: Preoperative and perioperative variables and outcomes.

Total (n = 102) No ECMO (n = 88) ECMO (n = 14) p-Value

Age (days) 7 (5-9) 7 (5-9) 6 (5-8) 0.22
Weight (kg) 3.25 (3-3.63) 3.25 (3-3.74) 3.24 (2.93-3.57) 0.32
Length (cm) 50 (49-51.5) 50 (49-52) 49.25 (48-50.2) 0.06
Sex (male) 51 (50%) 47 (53.4%) 4(28.6%) 0.08
Anatomic classification

AA/MA 48 (47%) 40 (46%) 8 (57%)

AA/MS 21 (21%) 18 (21%) 3 (21%)

AS/MA 3 (3%) 2 (2%) 1(7%) 0-35

AS/MS 23 (23%) 22 (25%) 1(7%)

Other 7 (7%) 6 (7%) 1(7%)
Ascending aorta diameter (mm) 2.5 (2-4) 3(2-4) 2(1.5-2) 0.02
Hybrid 7 (6.9%) 7 (8%) 0 0.27
Non-cardiac anomaly 23 (22.5%) 18 (20.5%) 5 (35.7%) 0.20
Mechanical ventilation 17 (17.6%) 13 (14.8%) 4 (28.6%) 0.20
Tricuspid regurgitation 6 (5.9%) 5(5.7%) 1(7.1%) 0.85
Ventricular dysfunction 9 (8.8%) 8(9.1%) 1(7.1%) 0.86
Creatinine (mg/dL) 0.52 (0.42-0.66) 0.5 (0.4-0.63) 0.66 (0.54-0.7) 0.007
Shunt type (Sano) 62 (60.8%) 53 (60.2%) 9 (64.3%) 0.77
CPB time (min) 181.5 (158-218) 172 (152.5-201) 276 (206-323) <0.001
Myocardial ischemic time (min) 86.5 (75-101) 83 (72-100) 98.5 (87-120) 0.02
Non-ischemic CPB time (min) 93.5 (74-128) 90 (71-116) 182.5 (118-205) <0.001
DHCA (min) 15.5 (11-20) 15 (11-20) 19.5 (15-27) 0.13
Days to extubation 12.1 10.8 25.9 <0.001
ECMO 14 (13.7%) 0 (0%) 14 (100%)

Died on ECMO 2 (14.3%) 0 (0%) 2 (14.3%) 0.02
Survive to Glenn 90 (88.2%) 83 (94.3%) 7 (50%) <0.001
Transplant free hospital survival 86 (84.3%) 80 (90.1%) 6 (42.8%) <0.001

Data are represented as median (IQR) for continuous measures and n (%) for categorical measures. Aortic atresia (AA), aortic
stenosis (AS), mitral atresia (MA), mitral stenosis (MS), cardiopulmonary bypass (CPB), deep hypothermic circulatory arrest

(DHCA), extra-corporeal membrane oxygenation (ECMO).

Transplant free hospital survival was 86/102 (84.3%) overall, 80/88 (90.9%) for no-ECMO, and 6/14
(42.9%) for ECMO patients (p < 0.001). Ten-year post-Norwood survival was 76/88 (86.3%) for no-ECMO
patients vs. 4/14 (28.5%) for ECMO patients, with most attrition in the first year (Fig. 1).

Univariable analysis showed ECMO risk associated with both CPB time (OR 1.02, p < 0.001, threshold
205 min) and myocardial ischemic time (OR 1.03, p = 0.019, threshold 92 min). Multivariable logistic
regression (Table 2) showed that longer CPB time was associated with higher likelihood of ECMO (OR 1.04,
SE 0.01, 95% CI 1.02—-1.07); while myocardial ischemic time had a lower likelihood (OR 0.94, SE 0.03, 95% CI
0.88-0.99), suggesting a complex interaction.
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10 Year Post-Norwood Survival by ECMO Use
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Figure 1: Ten-year post-Norwood survival analysis showing significantly higher mortality (p < 0.001) in patients
requiring postoperative ECMO.

Table 2: Multiple variable logistic regression using ECMO as primary outcome.

Odds Ratio +SE 95% Confidence Interval p-Value
Age 0.92 +£0.13 0.69-1.21 0.34
Weight 0.48 +0.48 0.07-3.34 0.44
Length 0.77 £0.13 0.55-1.09 0.15
Male sex 0.13 +£0.13 0.016-1.02 0.05
Shunt type (Sano) 1.07 £0.94 0.19-5.98 0.80
CPB time 1.04 £0.01 1.02-1.07 <0.001
DHCA time 1.10 + 0.06 0.99-1.21 0.09
Myocardial ischemic time 0.94 £0.03 0.88-0.99 0.02

Model R2 = 0.442, p < 0.001. Cardiopulmonary bypass (CPB).

We explored this interaction by grouping patients according to thresholds of 205 min for CPB and 92
min for ischemia time, respectively. In this analysis (Table 3), ECMO was required in 3.6% (2/55) of patients
with neither time above threshold, 14.3% (3/21) of patients with either time above threshold, and 34.6% (9/26)
of patients with both times above threshold (p < 0.001 vs. neither). These thresholds were identified by
optima for the predictive model (ROC area 0.790; predictive accuracy 86%). Using the institutional median
times as cutoffs yielded equivalent findings and predictive accuracy with slightly lower model fit (ROC
area 0.735).

Table 3: Patient characteristics vs support time grouping.

Group 1: No LCPB Group 2: Either Group 3: Both LCPB Val

or LIT (n = 55) LCPB or LIT (n=21) and LIT (n = 26) p-value
Age (days) 7 (5-9) 7 (5-9) 7 (5-9) 0.88
Weight (kg) 3.27 (3.07-3.63) 3.1 (2.7-3.5) 3.34 (3.1-3.72) 0.10

Length (cm) 50 (49-51) 49.5 (48-51.5) 50.9 (49.5-52) 0.15
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Table 3: Cont.

Group 1: No LCPB Group 2: Either Group 3: Both LCPB

or LIT (n = 55) LCPB or LIT (n=21) and LIT (n = 26) p-Value

Sex

Male 27 (49.1%) 11 (52.4%) 13 (50%) 0.97

Female 28 (50.9%) 10 (47.6%) 13 (50%)
Ascending aorta diameter (mm) 3(2-4) 3.2 (2-6) 2 (1.5-4) 0.08
Anatomic classification

AA/MA 24 (43.6%) 10 (47.6%) 14 (53.8%

AA/MS 14 (25.5) 2(9.5%) 5(19.2%) 034

AS/MA 1(1.8%) 0 2(7.7%) ’

AS/MS 11 (20%) 8 (38.1%) 4 (15.4%)

Other 5(9.1%) 1(4.8%) 1(3.8%)
Hybrid 2 (3.6%) 3 (14.3%) 2(7.7%) 0.25
Non-cardiac anomaly 10 (18.2%) 5 (23.8%) 8 (30.8%) 0.44
Preo.per.atlve mechanical 7 (12.7%) 4 (19%) 6 (23.1%) 0.48
ventilation
Tricuspid regurgitation 2 (4%) 3 (15%) 3 (11.5%) 0.17
Ventricular dysfunction 3 (5.5%) 3 (15%) 3 (11.5%) 0.35
Creatinine (mg/dL) 0.5 (0.4-0.62) 0.54 (0.37-0.7) 0.56 (0.49-0.69) 0.25
Sano 31 (56.4%) 16 (76.2%) 15 (57.7%) 0.27
CPB time (min) 164 (146-179) 188 (163-205) 252 (228-323) <0.001
Myocardial ischemic time (min) 76 (69-83) 98 (92-110) 108.5 (100-120) <0.001
DHCA time (min) 15 (11-20) 19 (14-27) 15 (9-18) 0.07
ECMO 2 (3.6%) 3 (14.3%) 9 (34.6%) <0.001
Survive ECMO 2 (100%) 3 (100%) 7 (26.9%) 0.52
Survive to Glenn 50 (94.3%) 18 (85.7%) 20 (76.9%) 0.08
Transplant free survival 49 (89.1%) 18 (85.7%) 19 (73.1%) 0.18

Data are presented as median (IQR) for continuous measures and n (%) for categorical measures. Aortic atresia (AA), aortic stenosis
(AS), deep hypothermic circulatory arrest (DHCA), extracorporeal membrane oxygenation (ECMO), long cardiopulmonary bypass
(LCPB, >205 min), long ischemic time (LIT, >92 min), mitral atresia (MA), and mitral stenosis (MS).

Analysis of the relationship between ischemic and support time showed that total CPB time was higher
in patients requiring ECMO regardless of ischemic time. The relationship was linear across the range of
ischemia times observed, with the same slope but an average of 55 min of additional non-ischemic CPB
time in ECMO patients (Fig. 2).

This suggested that non-ischemic CPB time was a more important determinant of ECMO use. The risk
of ECMO rose above the baseline (14%) at about 2 h of non-ischemic CPB time (Fig. 3).

In multivariable analysis, the risk of ECMO was increased with longer CPB over the whole range of
ischemia times. Every minute above 120 min of non-ischemic CPB time increased the likelihood of ECMO
by 0.5% (CI 0.2-0.6%, p < 0.001, and Fig. 4). However, the ECMO risk decreased with longer ischemic time
at CPB times from 300-360 min.
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Ischemic vs Total CPB Time by ECMO Use
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Figure 2: Elliptograms showing 95% probabilities of Total CPB Time vs. Ischemic Time for ECMO and no-ECMO
groups. The risk of ECMO is shown for regions bound by cut points at 92 min ischemic and 205 min total support times.
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Figure 4: Risk of ECMO by non-ischemic CPB time. Non-ischemic support times greater than 120 min were associated
with elevated risk of ECMO above the overall incidence of 14% (indicated by dashed line).
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3.2 Narrative Results

Of the 102 Norwood patients, 31 (30.4%) were above the long CPB threshold. In this group, 13 (41.9%)
required ECMO. Within this subgroup, 10/13 patients (76.9%) likely required ECMO because of suboptimal
management with four major issues identified. Five patients had extended CPB support time due to
incorrect assessments of problems leading to unnecessary shunt revisions. Ultimately, upon narrative
review, the real issue with these patients was poor cardiac output. Three patients had excessive bleeding
that could have been better managed. Two patients underwent multiple CPB weaning attempts (at least
4-5 attempts with return to CPB after each effort) with escalation of high-dose inotropes/vasopressors and
persistent impairment of cardiac output/poor hemodynamics with ECMO likely unavoidable regardless of
decision-making. Thus, ECMO was deemed to be in the best interest of the patient. The remaining three
patients had high risk intrinsic anatomy (anomalous veins, anomalous coronary).

For patients with long CPB times who were not placed on ECMO, 11/18 (61.1%) had no identifiable
problems and were technically slower Norwood procedures with longer CPB times but smooth post-wean
courses. The remaining seven patients were appropriately managed-four had a problem detected on CPB
that was adequately addressed or were placed back on CPB to appropriately address a problem, two had
bleeding issues correctly addressed in a timely manner, and one required a vasoactive-inotrope adjustment.

4 Discussion

In this study cohort, 13.7% of Norwood patients required ECMO, which is comparable to the ECMO
rate of 16% of Norwood patients recently published by Mayr et al. [8]. Quantitative analysis reinforced
previously reported associations with ECMO (e.g., long CPB time, post-Norwood ECMO and survival,
etc.) [1-4,9,10] and revealed a complex interplay of risk from ischemic vs non-ischemic support times. We
found the relationship between CPB time and myocardial ischemic time to be reasonably consistent, as
suggested by the similar slopes in Fig. 3 and the fact that these variables are not completely independent of
one another. Multivariable analysis demonstrated that extending ischemic time did not have an adverse
effect with longer CPB time, a novel finding suggesting that definitive surgical work performed during
ischemic time has payoff. However, the risk of ECMO increased above baseline at about 2 h of non-ischemic
CPB time (Fig. 4). We felt this was likely due to intraoperative problems not captured in our standard
investigation; therefore, we turned to narrative review to explore reasons for long CPB times, which
included time required to complete or revise the repair, address bleeding, and adjust medical support.

Focusing on the long CPB group, we found that surgical evaluation and decision-making was a
non-trivial factor likely underlying prolonged bypass times and the need for ECMO. In contrast, correct
diagnosis and management resulted in more favorable outcomes. This is consistent with findings from our
prior report analyzing difficulty weaning from CPB post-Norwood [11]. Our weaning checklist involves
a number of steps. Pre-wean, we ensure there is no surgical bleeding, the anatomy of the repair appears
appropriate by inspection, we evaluate the inotropes being utilized, ensure the heart is in normal sinus
rhythm, and verify that the heart appears well perfused. Immediately after weaning, we assess the mixed
venous oxygen saturation in the superior vena cava, cerebral and somatic near-infrared spectroscopy,
systemic saturations, and arteriovenous oxygen difference as a measure of cardiac output adequacy, we
ensure systemic saturations in the 75%—-85% range and normal pulmonary compliance, measure pre-
and post-arch pressures to ensure there is no gradient, and if there are concerns, further evaluate with
echocardiography. While designed to be systematic in nature, narrative evaluation of long CPB patients
who received ECMO elucidated discrepancies that resulted in prolonged CPB time.

More recently, we have made changes to our weaning protocol. Now, more professionals are involved in
the intraoperative decision-making process if we encounter difficulties weaning from bypass. Additionally,
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all patients undergo transesophageal echocardiography and epicardial echo if deemed relevant and clinically
appropriate, not just those with difficulty weaning from CPB. It is our belief that these changes have provided
for an even more systematic and safer protocolized weaning process, though we do not yet have the objective
data to support these claims.

With regard to bleeding, some causes were identified and corrected while on CPB or shortly thereafter.
However, others likely had more undifferentiated causes, both coagulopathic and surgical. In the three
patients with excessive bleeding, bleeding was initially addressed by prolonged packing and factor
administration, when it eventually became clear that more technical interventions such as the placement
of sutures were needed. Though hemostasis was ultimately achieved, narrative review did not yield
an objectively clear explanation as to the definitive etiology of the bleeding problem (whether truly
coagulopathic or surgical bleeding, or a combination thereof). In general, patients often require prolonged
blood product resuscitation, with the biochemical and cytokine effects of higher volume transfusion likely
contributing to impaired ventricular and vascular function. Patients in this subset were also frequently
subjected to several CPB weaning attempts with higher-dose inotropes. While allowing patients to “limp” out
of the operating room off pump, this strategy was uniformly unsuccessful and ultimately led to ECMO-a less
desirable approach than proceeding directly to ECMO. These findings support the association of increased
likelihood of ECMO with increasing post-ischemic CPB time.

Since underlying causes for prolonged CPB time were uncovered by narrative review, some of the
adverse effects of CPB time may be mediated through these factors. Despite a systematic checklist that
precedes every attempt to wean from CPB at our institution, as described above, circumstances arise where
surgeons must make a judgment call. Regarding this cohort of patients, intraoperative decision-making
was always between the surgeon, a cardiac anesthesiologist (sometimes two), a perfusionist, and at times a
second surgeon. For some, but not all, an intensivist and/or cardiologist was also involved. Though the
decision-making process is highly individualized and dependent on a large number of factors, we recognize
that patient outcomes seldom come down to any one decision. In addition to advocating for continued
multidisciplinary communication both intraoperatively and in the immediate postoperative period, our
results suggest that decisions to obtain an optimal anatomic repair should not be swayed by fear of longer
ischemic support time.

5 Limitations

This single-institution report carries all the risks inherent to a small retrospective study, and our
results may not be broadly generalizable. The small number of patients placed on ECMO limited the rigor
of statistical analysis. As the primary focus of this study was related to ECMO, more granular postoperative
data (e.g., patient’s ascending aortic diameter and anatomic classification’s relationship to increased CPB
time and these patients’ overall hospital courses) were not evaluated. Narrative analysis and categorization
of patients with long support times by senior authors lacked statistical analysis and carries the risk of
subjectivity. It is important to note that narrative analysis was not a detailed description of cases. The
narrative review process was an attempt to categorize major themes of case decision-making and is thus an
incomplete distillation of multiple-case complex decision processes. The narrative analysis should be viewed
as illustrative but not necessarily explicitly generalizable. Additionally, record keeping and note taking
carry a high degree of variability between authors; as such, there were minor deficiencies encountered
in the narrative review specifically as it pertained to a small number of bleeding patients for whom it
was not explicitly clear whether the bleeding was truly surgical or medical in nature. Rigorous validation
of the narrative review methodology was not pursued for this retrospective review, which further limits
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the generalizability of the results reported. Lastly, we did not include surgeon-level detail in an effort to
maintain the intent of generalizable conclusions where possible.

6 Conclusion

Prolonged non-ischemic support time, rather than ischemic time, was most strongly associated with
ECMO. Surgical decision-making and action (or lack thereof) appear to be important factors related
to the need for ECMO post-Norwood. We advocate for continued multidisciplinary decision-making
intraoperatively and postoperatively in the management of these uniquely complex patients. The findings
of this study serve to de-emphasize the length of time to complete the surgery and more strongly emphasize
the critical nature of taking the time to execute each step correctly. The latter has always been a central
focus; however, these findings point to the importance of striking a delicate balance between these two
critical factors.
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Nomenclature

ECMO Extracorporeal membrane oxygenation
CPB Cardiopulmonary bypass

HLHS Hypoplastic left heart syndrome
DHCA Deep hypothermic circulatory arrest
IRB Institutional review board

OR Odds ratio

SE Standard error

CI Confidence interval
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