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Nothing to disclose



Jack Downes, MD



• Anesthesiologist-in-chief and Director of 
Anesthesiology and Critical Care Medicine  
(CHOP, 1972 - 1996)

• First PICU in USA (CHOP) – 1967
- Developed a multidisciplinary care for 

seriously ill hospitalized children
- Applied devices and data to expose 

physiology we could treat

• Pioneered a home care program for the 
care of disabled children in the 1970s

John “Jack” Downes, MD



Mahle et al, Circulation 2000 

Norwood Operation: 15-year experience , 840 pts



Forbes JM et al, Circulation 1995

Bove EL and Lloyd TR, Annals of Surgery 1996

1990-1995 , 158 pts

1983-1993, 210 pts



• Predominant focus on Qp:Qs as determined by pulse oximetry alone
• Derived mostly from mathematical models and animal studies and assumed constant cardiac output
• Control of PVR through medical gas, ventilator management (hypoxia and hypoventilation)

Postoperative targets for HLHS - early experience

Targeted SpO2 = balanced circulation & good oxygen delivery only if…
Øright size systemic to pulmonary artery shunt
Øoptimal atrial level communication
Ønormal lung function
Øfixed oxygen delivery (DO2) and consumption (VO2)



The journey begins…

”Lisa”

Sv02
Induced hypoxia does not reliably improve DO2



PVR
SVR

CI

TGAàASO
Wernovsky et al, Circulation 1992

HLHSàS1P
Tweddell et al, Ann Thorac Surg 1999

SVR management may reduce LCOS

Narcotic/benzodiazepine



Patients at Risk for Low Systemic Oxygen Delivery

After the Norwood Procedure

James S. Tweddell, MD, George M. Hoffman, MD, Raymond T. Fedderly, MD,
Nancy S. Ghanayem, MD, John M. Kampine, MD, Stuart Berger, MD,
Kathleen A. Mussatto, RN, and S. Bert Litwin, MD
Departments of Surgery (Cardiothoracic Surgery), Anesthesia, and Pediatrics (Divisions of Cardiology and Critical Care),
Children’s Hospital of Wisconsin, Medical College of Wisconsin, Milwaukee, Wisconsin

Background. Identification of patients at risk for inad-

equate systemic oxygen delivery following the Norwood

procedure could allow for application of more intensive

monitoring, provide for earlier intervention of decreased

cardiac output, and result in improved outcome.

Methods and Results. Superior vena cava saturation

(SvO
2
) and arteriovenous oxygen content difference were

prospectively monitored as indicators of systemic oxygen

delivery and recorded hourly for the first 48 hours in 29

of 33 consecutive patients following the Norwood proce-

dure. Risk factors were evaluated using multiple linear

regression to determine their impact on SvO
2

and arte-

riovenous oxygen content difference. Age less than 8

days, weight less than 2.5 kg, aortic atresia, and pro-

longed cardiopulmonary bypass time were risk factors

for low SvO
2

and wide arteriovenous oxygen content

difference (p < 0.05). Phenoxybenzamine and increasing

time after operation were associated with higher SvO
2

and narrower arteriovenous oxygen content difference

(p < 0.05). Thirty-day survival was 97% and hospital

survival was 94%. The earliest death occurred on postop-

erative day 20. Survival to bidirectional cavopulmonary

shunt was 77%. Preoperative mechanical ventilation was

the only risk factor identified for late death.

Conclusions. Aortic atresia, low weight, younger age,

and prolonged cardiopulmonary bypass, previously

identified risk factors for mortality, were associated with

decreased SvO
2

and narrower arteriovenous oxygen con-

tent difference in the early postoperative period. The

impact of this hemodynamic vulnerability on mortality

was minimized by continuous SvO
2

monitoring.

(Ann Thorac Surg 2000;69:1893–9)

© 2000 by The Society of Thoracic Surgeons

Although results from stage I palliation for hypoplas-
tic left heart syndrome (HLHS) are improving, early

mortality remains at 25% even at experienced centers
[1–3]. The mechanism of death is presumed to be inade-
quate systemic oxygen delivery [4 – 6]. Postoperative
management strategies that target systemic oxygen de-
livery and a balanced circulation have achieved im-
proved results [7–11]. Recently, small oximetric catheters
have become available that are suitable for use in the
neonate. Starting in July of 1996 we began routine place-
ment of oximetric catheters in the superior vena cava of
patients following the Norwood procedure to identify
periods of low systemic oxygen delivery. A prospective
database was developed containing demographic and
hemodynamic data including superior vena cava oxygen
saturation. This study is an evaluation of that database to
identify risk factors for decreased systemic oxygen deliv-
ery in the early postoperative period following the Nor-
wood procedure.

Material and Methods

Between July of 1996 and September 1998, 33 patients
underwent a Norwood procedure at the Children’s Hos-
pital of Wisconsin. Superior vena cava saturation was
continuously monitored (4F oximetric catheter; Abbott
Labs, North Chicago, IL) and used as an approximation
of mixed venous oxygen saturation (SvO2). Hourly hemo-
dynamic data were also collected for the first 48 hours, as
were demographic and survival data. All patients under-
went a Norwood procedure consisting of relief of arch
obstruction, anastomosis of the pulmonary artery to the
ascending aorta combined with augmentation of the
ascending aorta, transverse arch and proximal descend-
ing aorta with pulmonary homograft, placement of a
systemic-to-pulmonary artery shunt, and creation of a
nonrestrictive atrial septal defect. The systemic-to-
pulmonary artery shunt was constructed from the in-
nominate artery to the central pulmonary artery conflu-
ence. All patients in this study had single ventricle
anatomy.

Postoperative management was standardized, guided
by the oximetric data and aimed at achieving adequate
systemic oxygen delivery defined as an SvO2 greater than
or equal to 50%, an arteriovenous oxygen content differ-
ence (!AVO2) less than or equal to 5 mL/dL with a
pulmonary-to-systemic flow ratio near 1. Our strategy to

Accepted for publication Dec 9, 1999.
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• Continuous postoperative monitoring of oxygen delivery with SvO2 & 
better SVR management (⍺-blockade) reduced postop LCOS

• Associated with improved operative survival over 17 years
• 93% in initial series of 8 pts – NP w/ mBTTs only (Ann Thorac Surg 1999)
• 93% in follow-up series of 115 pts – NP w/mBTTs only (Ann Thorac Surg 2007)
• 86% to S2P in 45 high-risk pts (J Thorac Cardiovasc Surg 2010)
• 92% in follow-up series of 329 pts (Ann Thorac Surg 2017) SvO2 and 2-site NIRS

Ann Thorac Surg 1999



High-risk interstage period exposed

11
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Intercurrent illness
Aortic Atresia

Arch obstruction
Moderate TR

Feeding difficulty

Feeding difficulty
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Feeding difficulty
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Intercurrent illness
Aortic Atresia

Single Center (S1P w/mBTTs 1996-2000)
Operative mortality – 7%

Interstage mortality = 14% 

• Single center reports (2002-2011)
• Standard-risk patients:  5-14%
• High-risk patients:  13-48%

• PHN SVR Trial Interstage mortality:  12% 
• mBTTs – 18%; RVPAS – 6%
• Risk factors:
• Gestational age
• Census block
• Hispanic ethnicity
• AA/MA
• Postoperative complications

Ghanayem et al, J Thorac Cardiovasc Surg 2003



Interstage Surveillance Program (2000) 

• Home monitoring of SpO2 and weight for monitoring of :
• Residual or recurrent lesions
• Hydration
• Growth
• Physiologic alterations related to common infant illness
• Anemia

• Select inpatient interstage surveillance for high-risk patients



Inpatients to S2P had more:
- High risk characteristics 
- Longer CPB time at S1P
- More ECMO after S1P

Rudd et al, J Thorac Cardivasc Surg 2014



Cumulative comorbid conditions influence mortality risk
after staged palliation for hypoplastic left heart syndrome
and variants

Emily R. Backes, MD, MA,a Natasha S. Afonso, MD, MPH,a Danielle Guffey, MS,a

James S. Tweddell, MD,b Sarah Tabbutt, MD, PhD,c Nancy A. Rudd, MS, APNP,d Ginny O’Harrow, RT,e

Silvana Molossi, MD, PhD,a George M. Hoffman, MD,d Garick Hill, MD,b Jeffrey S. Heinle, MD,a

Priya Bhat, MD, MS,a Jeffrey B. Anderson, MD, MPH, MBA,b and Nancy S. Ghanayem, MD, MSe,f

ABSTRACT

Objective: Prematurity, low birth weight, genetic syndromes, extracardiac condi-
tions, and secondary cardiac lesions are considered high-risk conditions associated
with mortality after stage 1 palliation. We report the impact of these conditions on
outcomes from a prospective multicenter improvement collaborative.

Methods: The National Pediatric Cardiology Quality Improvement Collaborative
Phase II registry was queried. Comorbid conditions were categorized and quantified
to determine the cumulative burden of high-risk diagnoses on survival to the first
birthday. Logistic regression was applied to evaluate factors associated with
mortality.

Results: Of the 1421 participants, 40% (575) had at least 1 high-risk condition. The
aggregate high-risk group had lower survival to the first birthday compared with
standard risk (76.2% vs 88.1%, P< .001). Presence of a single high-risk diagnosis
was not associated with reduced survival to the first birthday (odds ratio, 0.71; con-
fidence interval, 0.49-1.02, P ¼ .066). Incremental increases in high-risk diagnoses
were associated with reduced survival to first birthday (odds ratio, 0.23; confidence
interval, 0.15-0.36, P< .001) for 2 and 0.17 (confidence interval, 0.10-0.30, P< .001)
for 3 to 5 high-risk diagnoses. Additional analysis that included prestage 1 palliation
characteristics and stage 1 palliation perioperative variables identified multiple high-
risk diagnoses, poststage 1 palliation extracorporeal membrane oxygenation
support (odds ratio, 0.14; confidence interval, 0.10-0.22, P< .001), and cardiac
reoperation (odds ratio, 0.66; confidence interval, 0.45-0.98, P ¼ .037) to be asso-
ciated with reduced survival odds to the first birthday.

Conclusions: The presence of 1 high-risk diagnostic category was not associated
with decreased survival at 1 year. Cumulative diagnoses across multiple high-risk
diagnostic categories were associated with decreased odds of survival. Further pa-
tient accrual is needed to evaluate the impact of specific comorbid conditions
within the broader high-risk categories. (J Thorac Cardiovasc Surg 2022;-:1-12)
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Kaplan–Meier survival after S1P by number of high-
risk diagnostic categories present (95% CI).

CENTRAL MESSAGE

Cumulative burden of comor-
bidities, not the presence of a
single high-risk diagnosis, is
associated with reduced survival
after staged palliation for HLHS
and variants.

PERSPECTIVE
This study differentiates survival patterns after
staged palliation for HLHS and variants for spe-
cific high-risk populations. Understanding out-
comes associated with comorbid conditions
and interactions when numerous high-risk diag-
noses are present provides additional data for
counseling, perioperative planning, and longitudi-
nal care needs.

See Commentary on page XXX.
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54.3%, 70.8%, and 85.7% for those with 0, 1, 2, and 3 to 5
high-risk groups, respectively. The second most common
reason was referral for transplant which occurred in
18.7%, 20.2%, and 9.2% for those with 0, 1, and 2

high-risk groups respectively. No participant with 3 to 5
high-risk diagnoses was referred for transplant.

DISCUSSION
This analysis represents the first large, prospective,

multicenter report analyzing comorbidities and outcomes
to 1 year of age in patients with HLHS and related variants
undergoing S1P. Low birth weight, prematurity, secondary
cardiac lesions, extracardiac anomalies, and genetic condi-
tions are frequently identified as comorbid conditions
associated with reduced survival to S2P and the first
birthday.1-7,11,12,18 For the purpose of this study, each of
these broad diagnostic categories was considered individ-
ually and made up an aggregate high-risk group. We report
survival between risk groups that is similar to the single-
center report by Ghanayem and colleagues.18 Although
that single-center report focused on early perioperative
monitoring, standardized interstage home monitoring
likely contributed to intermediate outcomes. The similar-
ity in findings from this multicenter study likely represents
the comprehensive interstage care21 adopted, adapted, and
disseminated by the National Pediatric Cardiology Quality
Improvement Collaborative as an important initiative for
infant survival.10,22,23

These data are novel in that this is the first report that
quantifies the mortality risk of cumulative congenital co-
morbid conditions spanning multiple high-risk diagnostic
categories. We found that the presence of 2 or more high-
risk diagnostic categories before S1P is associated with
reduced odds of 1-year survival, whereas having a single
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FIGURE 1. Kaplan–Meier survival after S1P by number of high-risk

diagnostic categories. Analysis includes all participants with and without

S2P by first birthday. Time zero represents the date of S1P. Participants

with diagnoses in a single high-risk category had similar survival to

standard-risk patients, whereas having diagnoses in 2 or more high-risk cat-

egories reduced survival to first birthday. Shading represents the 95% CI.

TABLE 4. Characteristics at first birthday by number of high-risk diagnostic categories

Characteristic 0 (n ¼ 846) 1 (n ¼ 368) 2 (n ¼ 148) 3-5 (n ¼ 59) P value

Survived to first birthday, n (%) 691 (88.1) 274 (84.3) 83 (64.3) 31 (56.4) <.001

Final patient status, n (%) <.001

Survived with S2P by first birthday 678 (80.1) 265 (72) 73 (49.3) 26 (44.1)

Survived without S2P by first birthday 13 (1.5) 9 (2.4) 10 (6.8) 5 (8.5)

Early exit 155 (18.3) 94 (25.5) 65 (43.9) 28 (47.5)

Age at exit, median (IQR) 126 (55-209) 142 (49-231) 129 (54-217) 149.5 (45-226.5) .898

Age at death, median (IQR) 91 (36-174) 89 (35-188) 135 (48-221) 99.5 (34-219) .297

Reason for early exit .129

Death 93 (60) 51 (54.3) 46 (70.8) 24 (85.7)

Referred for heart transplant 29 (18.7) 19 (20.2) 6 (9.2) 0 (0)

Strategy changed to biventricular repair 9 (5.8) 9 (9.6) 4 (6.2) 2 (7.1)

Other 24 (15.5) 15 (16) 9 (13.9) 2 (7.1)

Additional cardiac operations between S2P and first birthday, n (%) 26 (4) 16 (6.3) 7 (8.8) 0 (0) .098

Additional catheterizations between S2P and first birthday, n (%) 107 (15.8) 44 (16.6) 17 (20.5) 7 (21.9) .545

Additional noncardiac procedures between S2P and first birthday, n (%) 88 (13) 47 (17.7) 12 (14.5) 5 (15.6) .308

Route of nutrition, n (%) <.001

Oral only 447 (68.2) 125 (49.2) 33 (41.3) 10 (33.3)

Enteral tube only 92 (14) 66 (26) 28 (35) 17 (56.7)

Combined tube/oral 116 (17.7) 63 (24.8) 19 (23.8) 3 (10)

IQR, Interquartile range; LOS, length of stay; S2P, stage 2 palliation.
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1421 Participants from 58 centers (2016-20)
40% at least 1 high-risk dx

prematurity, low birth weight,
secondary cardiac dx, 

extracardiac anomaly and/or genetic 
condition

Phase 2:  Focus on improving outcomes from prenatal dx to 1st birthday



Better monitoring to assess oxygen delivery: SvO2 (1996) followed by 2-site NIRS (2001)

Perioperative care shift from PVR to SVR manipulation (1996)

Interstage home monitoring with selective inpatient care to S2P (2000)

p ¼ 0.041), although their survival was not different from
that of the whole population. Extracorporeal membrane
oxygenation was used in 29 patients (8.8%), with hospital
and cumulative survival of 48% and 38%, respectively.
Extracorporeal membrane oxygenation was used in 7.6%
of patients with SvO2, 11.2% of patients with NIRS, and
9.3% of the comparison group, with no differences in
survival (Table 2). Twenty patients were placed on ECMO
in the operating room; these patients had lower weight
and longer support times (Supplemental Table A2). Eight
patients, not identified by weight or support time, un-
derwent ECMO cannulation for low cardiac output in the
first 48 postoperative hours.

Hemodynamic Details
Standard hemodynamic measures were similar for pa-
tients with all types of oximetric monitoring. However,
patients managed with NIRS had slightly higher arterial
oxygen and carbon dioxide tensions, hemoglobin, and
total oxygen content (Supplemental Table A3).
In the comparison group, data from 9,312 monitored

hours in 194 patients with both SvO2 and NIRS were
analyzed (Table 3). The temporal trends in hemodynamic
and oximetric measures are shown in Figure 1. Survivors
had shorter CPB times, higher MAP, higher base excess,
and higher arteriocerebral DaRSO2C and somatocerebral
DrSO2RC NIRS differences over the first 48 hours.

Table 2. Survival and Extracorporeal Membrane Oxygenation Use

Variable

Entire Cohort
(All Patients)
(n ¼ 329)

SvO2
(n ¼ 301)

NIRS
(n ¼ 214)

Comparison Group
(SvO2þNIRS)
(n ¼ 194) p Value

Dates of S1P 5/31/96–12/10/13 5/31/96–12/4/13 9/21/01–12/10/13 9/21/01–12/4/13
Follow-up, years 9.4 (8.1), 1.9–17.3 9.7 (7.7), 2.4–17.2 7.1 (5.0), 1.7–12.2 7.5 (4.8), 1.7–12.2 <0.001
Survival

Thirty-day/hospital 303 (92.1) 278 (92.4) 194 (90.7) 177 (91.2) 0.323
Cumulative 263 (79.9) 241 (80.1) 178 (83.2) 163 (84.0) 0.122

ECMO use 29 (8.8) 23 (7.6) 24 (11.2) 19 (9.8) 0.554
ECMO survival

Thirty-day/hospital 14 (48) 10 (43) 11 (46) 7 (39) 0.885
Cumulative 11 (38) 7 (30) 10 (42) 6 (33) 0.836

Values are n (%) or mean # SD, median (interquartile range), and 5% to 95% range. Follow-up for all groups completed December 2014.

ECMO ¼ extracorporeal membrane oxygenation; NIRS ¼ near-infrared spectroscopy; S1P ¼ stage 1 palliation; SvO2 ¼ systemic venous
oxygen saturation.

Table 1. Patient Characteristics

Variable
Entire Cohort

(n ¼ 329)
SvO2

(n ¼ 301)
NIRS

(n ¼ 214)

Comparison Group
(SvO2þNIRS)
(n ¼ 194) p Value

Weight at S1P, kg 3.21 # 0.58, 2.3–4.1 3.20 # 0.60, 2.2–4.1 3.03 # 0.69, 1.5–4.0 3.26 # 0.54, 2.5–4.2 0.024
Age at S1P, days 8.8 # 12.9 8.7 # 19.3 8.5 # 5.6 8.8 # 7.3 0.874

7 (4), 2.5–21 5 (4), 2–19 7.5 (5.5), 2–24 7 (4), 3–22 0.048
Gestational age, weeks 39.2 # 1.6, 2.5–21 38.2 # 1.7, 2–19 37.6 # 2.5, 2–24 38.2 # 1.4, 3–22 0.624
Female 133 (40) 122 (40) 91 (42) 82 (42) 0.610
CPB time, minutes 166 (59), 97–291 131 (70), 86–252 181 (104), 74–455 171 (49), 128–179 <0.001
DHCA time, minutes 14 (18), 5–68 50 (52), 7–80 8 (30), 4–34 8 (100), 3–29 <0.001
ACP 260 (79.0) 237 (78.7) 213 (99.5) 193 (99.5) <0.001
Vasodilator <0.001

None 29 (8.8) 21 (7.0) 20 (9.35) 16 (8.3)
Phenoxybenzamine 269 (82.8) 254 (84.4) 163 (76.2) 152 (78.4)
Phentolamine 31 (9.4) 26 (8.6) 31 (14.5) 26 (13.4)

MBT shunt 229 (70) 212 (70) 115 (54) 105 (54) <0.001
Size 3.5 (0.38), 3–4 3.5 (0.38), 3–4 3.4 (0.37), 3-4 3.4 (0.34), 3–4 0.052

Sano shunt 100 (30) 89 (30) 99 (46) 88 (45) <0.001
Size 6 (0.43), 5–6 6 (0.42), 5–6 6 (0.43), 5–6 6 (0.42), 5–6 0.505

Values are n (%) or mean # SD, median (interquartile range), and 5% to 95% range.

ACP ¼ antegrade cerebral perfusion; CPB ¼ cardiopulmonary bypass; DHCA ¼ deep hypothermic circulatory arrest; MBT ¼ modified
Blalock-Taussig; NIRS ¼ near-infrared spectroscopy; S1P ¼ stage 1 palliation; SvO2 ¼ systemic venous oxygen saturation.
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A sustainable strategy amidst intraoperative changes and growing teams

Hoffman et al, Ann Thorac Surg 2017 
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- Surgery
- Critical Care
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Nurses
- Inpatient (ICU, acute care)
- Operating theatre
- Outpatient

Ancillary Staff
- Advanced practice providers
- (Pas and PNPs)
- Respiratory
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- Laboratory
- Blood Center
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- Radiology
- OR Staff
- Therapists
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Team Intelligence
Capacity of the individual members of a team to 
learn, teach, communicate, reason and think 
together, irrespective of hierarchical position, in 
service of shared goals.

Team members must have:
üShared identity to articulate goals
üBe willing and able to share information
üUnderstand one another’s roles
üHave trust and support one another
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