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OBJECTIVES: The transfusion of stored RBCs decreases nitric oxide bi-
oavailability, which may have an adverse effect on vascular function. We 
assessed the effects of RBC transfusion on coronary vascular function 
by evaluating the relationship between myocardial oxygen delivery and de-
mand as evidenced by ST segment variability.

DESIGN: Retrospective case-control study.

SETTING: Nine-hundred seventy-three–bed pediatric hospital with a 
54-bed cardiovascular ICU.

PATIENTS: Seventy-three neonates with hypoplastic left heart syndrome 
following the Norwood procedure, 38 with a Blalock-Taussig shunt and 35 
with a right ventricle to pulmonary artery shunt.

INTERVENTIONS: RBC transfusion.

MATERIALS AND MAIN RESULTS: High-frequency physiologic data 
were captured 30 minutes prior to the initiation of (baseline) and during 
the 120 minutes of the transfusion. A rate pressure product was calcu-
lated for each subject and used as an indicator of myocardial oxygen de-
mand. Electrocardiogram leads (aVL, V1, II) were used to construct a 
3D ST segment vector to assess ST segment variability and functioned 
as a surrogate indicator of myocardial ischemia. One-hundred thirty-eight 
transfusions occurred in the Blalock-Taussig shunt group and 139 in the 
right ventricle to pulmonary artery shunt group. There was no significant 
change in the rate pressure product for either group; however, ST segment 
variability progressively increased for the entire cohort during the transfu-
sion, becoming statistically significant by the end of the transfusion. Upon 
subgroup analysis, this finding was noted with statistical significance in 
the Blalock-Taussig shunt group and trending toward significance in the 
right ventricle to pulmonary artery shunt group.

CONCLUSIONS: We found a significant increase in the ST segment var-
iability and evidence of myocardial ischemia temporally associated with 
RBC transfusions in neonates following the Norwood procedure, specif-
ically among those in the Blalock-Taussig shunt group, which may impact 
immediate and long-term outcomes.

KEY WORDS: electrocardiogram; hypoplastic left heart syndrome; 
neonate; Norwood procedure; nitric oxide; red blood cell transfusion

RBC transfusion is common in critically ill adults and children. Patients with 
cardiac disease are transfused at higher hemoglobin thresholds than those 
without cardiac disease, and the management of cyanotic congenital heart 

disease often prompts practitioners to target even higher hemoglobin levels. RBC 
transfusions in cardiac patients are associated with adverse outcomes, including 
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following the Norwood procedure (NP) for palliation of 
the hypoplastic left heart syndrome (HLHS) (1–4). There 
is increasing evidence that transfusion of stored RBCs 
reduces nitric oxide (NO) bioavailability, which may play 
a role in influencing the postoperative course and clinical 
outcomes (5–7).

A series of biochemical and biomechanical changes 
in the RBC and storage media, commonly referred to 
as the “storage lesion,” reduces RBC survival and func-
tion and ultimately contributes to a decrease in NO 
bioavailability (5–7). NO modulates the interaction 
between platelets as well as platelet-endothelial cell 
and neutrophil-endothelial cell interactions, where a 
decrease in NO bioactivity leads to a procoagulant and 
proinflammatory milieu (8). In addition, NO modu-
lates vasomotor tone, where a decrease in bioactivity 
increases resistance to blood flow (8). Collectively, 
these processes may compromise coronary vascular 
function, resulting in myocardial ischemia and injury.

Neonates undergoing the NP for palliation of HLHS 
may be particularly sensitive to the effects of the stor-
age lesion on myocardial perfusion following surgery. 
Cardiac surgery and the attendant myocardial ischemia 
reperfusion injury damage the coronary endothelium, 
impairing NO production and contributing to a de-
crease in NO bioavailability (9). Following the NP, the 
immature neonatal myocardium is particularly vul-
nerable to cardiac ischemia due to multiple factors in-
cluding obligate cyanosis; increased cardiac demand due 
to the inefficiency of the parallel circulation and require-
ment for an elevated cardiac output; obligate retrograde 
aortic flow to coronary arteries arising from a diminu-
tive, native ascending aorta; and in those undergoing the 
Blalock-Taussig shunt (BTS), diastolic hypotension and 
“coronary steal” resulting from diastolic “run-off” into 
the pulmonary circulation (3, 11, 16).

We hypothesized that RBC transfusion would com-
promise coronary vascular function and myocardial 
oxygen delivery, leading to myocardial ischemia and 
ST segment changes, which could have a significant 
impact on the immediate postoperative course as well 
as long-term outcomes.

METHODS

Study Population and Design

Approval for this study was obtained from the Institutional 
Review Board of Baylor College of Medicine along with 

a waiver of written consent (H-45084, Houston, TX). 
Electronic medical records were obtained for all patients 
with the diagnosis of HLHS and who received RBC 
transfusions following the NP while hospitalized in the 
cardiac ICU from January 28, 2013, to May 18, 2019, at 
Texas Children’s Hospital. In general, the institutional in-
dication for RBC transfusions in neonates following the 
Norwood operation is hematocrit less than 40% and clin-
ical symptoms of low cardiac output.

Patients with a pacemaker, requiring mechanical 
circulatory support or continuous renal replacement 
therapy, and those with incomplete physiologic and elec-
trocardiogram (ECG) data were excluded. To minimize 
confounders, we excluded transfusions that occurred 
with the administration of cryoprecipitate, fresh frozen 
plasma and platelets, IV calcium, and colloid. We also 
excluded transfusions that occurred with changes in vas-
oactive support, as reflected in an increase in Vasoactive 
Inotropic Score (10), or with the administration of the 
NO donors, nitroglycerin, and nitroprusside.

Data Collection

Hemodynamic data and five-lead ECG waveforms 
were collected using the Sickbay clinical platform 
(Medical Informatics Corp, Houston, TX). ECG, arte-
rial oxygen saturation (Sao2), and hemodynamic data 
were captured at a frequency of 0.5 Hz. Recorded he-
modynamic data included heart rate (HR), diastolic 
blood pressure (dBP), systolic blood pressure (sBP), 
mean arterial blood pressure (mBP), and common 
atrial pressure. All data were stored on site, behind 
a HIPAA compliant firewall maintained by Baylor 
College of Medicine Information Technology. ST seg-
ment values were determined based on the GE mon-
itor output algorithm, performed as the J-point plus 
60–80 ms, depending on the age of the patient.

Typically, the RBC transfusions are administered 
over 120 minutes. For notational convenience, the 
RBC transfusion starting time was set as the origin 
(0 min) of the time axis. The time window was broken 
into the baseline interval which ranged from –30 min-
utes to 0 minutes. The transfusion time (0–120 min) 
was divided into four epochs of 30 minutes each to 
account for the increasing amount of transfused blood 
that the patient received over the 120-minute span. 
This approach enabled us to compare the baseline pe-
riod with the transfusion epochs and to compare the 
epochs during the transfusions.
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Signal Processing and Construction of 3D ST 
Segment Vector

We used a signal processing method to quantify the ST 
segment variability following the NP (11, 12). To cap-
ture the movement of the ST segment in all three spa-
tial dimensions, an ST segment vector was constructed 
from the collected raw ST segment outputs. Leads II, V1, 
and aVL were chosen for analysis due to their quasior-
thogonal orientation. Figure 1 depicts the full 3D view. 
A 4-minute moving average filter was applied to the raw 
signals in order to remove rapid, nonphysiologic arti-
facts, such as those caused by subject movement. The 
result captured the low-frequency variations of the ST 
segment that were of interest. Using the filtered signals 
and the relative positions of the ECG leads, the x, y, and 
z coordinates of the instantaneous ST segment vector 
were given by the following equations:

ST STx = 1 30cos �

ST ST ST STy aV L II= +cos cos sin30 60 301
� � �−

ST ST STz aV L II= sin sin30 60� �−

where ST1, STII, and STaVL  were the values of the filtered 
ST segments of the associated ECG leads. Variability 
was quantified as the range that the ST segment vector 
covers in the 3D during a 5-minute window of time 
updated every minute. This value is mathematically 
expressed as follows:
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Statistical Analysis of ST Segment Vector 
Variability

Comparisons of the ST vector variability were per-
formed using the baseline (0 to –30 min) window prior 
to transfusion and the 120-minute window during the 
transfusion; this latter window was divided into four 
30-minute epochs. ST segment vector variability was 
compared between each of the consecutive 30-mi-

nute epochs and the base-
line using the paired t test. 
Differences were considered 
statistically significant at a  
p value of less than 0.05.

Statistical Analysis of 
Hemodynamic Data

The hemodynamic data 
analyzed for this study in-
cluded HR, dBP, sBP, mBP, 
and Sao2. A rate pressure 
product (RPP) was calcu-
lated (RPP = sBP × HR). As 
with ST segment data, these 
data were collected from 30 
minutes before the start of 
transfusion to 120 minutes 
after the start of the trans-
fusion. The hemodynamic 
data for each subject dur-
ing the transfusion (0–
120 min) were evaluated in 
relation to their baseline av-
erage (–30 to 0 min) using a 
paired t test for analysis of 

Figure 1. Three-dimensional view of the electrocardiogram leads needed for the ST segment 
vector calculations. The frontal plane is spanned by the (y, z) axes. The transverse plane is spanned 
by the (x, y) axes. The sagittal plane is spanned by the (x, z) axes.



Savorgnan et al

4     www.ccejournal.org May 2021 • Volume 3 • Number 5

the mean differences. Differences were considered sta-
tistically significant at a p value of less than 0.05.

RESULTS

Using the aforementioned exclusion criteria resulted in 
389 RBC transfusions of which 277 had complete phys-
iologic and ECG data for the entire 120-minute study 
window. Of the 277 RBC transfusions, 138 occurred 
in patients with a BTS, and 139 in patients with a right 
ventricle to pulmonary artery shunt (RVPAS). There 
were 73 unique patients, with 38 patients (52%) re-
ceiving the BTS and 35 (48%) a RVPAS. Forty-two 
patients (57.5%) in the cohort were male. Median birth 
weight, gestational age, and age at surgery were 3.2 
kilograms, 39.1 weeks, and 7 days, respectively. Thirty-
eight patients (52.1%) had mitral stenosis, and 31 
patients (42.5%) had mitral atresia; 42 patients (57.5%) 
had aortic atresia, and 30 patients (41.1%) had aortic 

stenosis. Survival to discharge for the study cohort was 
90.4%. These data are summarized in Supplemental 
Table 1 (http://links.lww.com/CCX/A604).

Baseline hemodynamic data were gathered for the 
entire cohort and analyzed according to shunt sub-
type as presented in Supplemental Table 2 (http://
links.lww.com/CCX/A605). No significant differences 
were noted between the two shunt subtypes with HR, 
mBP, sBP, RPP, and Sao2. However, the dBP in the BTS 
group was significantly lower than in the RVPAS group 
at baseline. The changes in hemodynamic data during 
the transfusion compared with baseline are displayed 
for the entire cohort and according to shunt type in 
Table  1. During the transfusion, there was a signifi-
cant decrease in HR and increase in dBP for each shunt 
type. The sBP increased significantly in the BTS group. 
There was no change in the RPP in either group.

The change in ST segment vector variability over 
time is displayed in Table 2 for the entire cohort and 

TABLE 1. 
Change in Hemodynamic Data in 30-Minute Epochs Compared With Pretransfusion  
Baseline for the Entire Study Cohort and According to Shunt Type

Time 
Epoch

All RVPAS BTS All RVPAS BTS

Mean  
± se p

Mean  
± se p

Mean  
± se p

Mean  
± se p

Mean  
± se p

Mean  
± se p

 Heart rate (beats/min) Mean blood pressure (mm Hg)

0–30 –0.5 ± 0.4 0.078 –0.3 ± 0.6 0.306 –0.8 ± 0.7 0.145 0.4 ± 0.3 0.020 0.5 ± 0.4 0.037 0.3 ± 0.4 0.243

30–60 –1.0 ± 0.7 0.016 –0.5 ± 0.9 0.182 –1.5 ± 1.1 0.045 1.1 ± 0.4 < 0.001 0.8 ± 0.6 0.062 1.4 ± 0.6 0.003

60–90 –1.6 ± 0.7 0.004 –1.2 ± 0.9 0.113 –1.9 ± 1.1 0.015 1.7 ± 0.5 < 0.001 1.1 ± 0.7 0.039 2.2 ± 0.5 < 0.001

90–120 –2.2 ± 0.8 < 0.001 –1.9 ± 1.0 0.015 –2.4 ± 1.3 0.004 2.1 ± 0.5 < 0.001 1.6 ± 0.7 0.007 2.6 ± 0.6 < 0.001

 Systolic blood pressure (mm Hg) Diastolic blood pressure (mm Hg)

0–30 0.9 ± 0.4 0.012 0.7 ± 0.5 0.099 1.1 ± 0.7 0.059 0.3 ± 0.3 0.090 0.3 ± 0.4 0.149 0.1 ± 0.3 0.369

30–60 1.9 ± 0.6 0.001 1.2 ± 0.8 0.164 2.7 ± 0.8 0.001 0.7 ± 0.4 0.017 0.5 ± 0.6 0.316 0.9 ± 0.4 0.007

60–90 2.3 ± 0.6 < 0.001 1.4 ± 0.8 0.104 3.2 ± 0.7 < 0.001 1.3 ± 0.4 < 0.001 0.8 ± 0.6 0.165 1.7 ± 0.4 < 0.001

90–120 2.7 ± 0.6 < 0.001 1.8 ± 0.9 0.079 3.7 ± 0.9 < 0.001 1.7 ± 0.4 < 0.001 1.4 ± 0.6 0.015 1.9 ± 0.4 < 0.001

 Rate pressure product Arterial O2 saturation (%)

0–30 80 ± 76 0.205 99 ± 94 0.221 64 ± 121 0.540 0.5 ± 0.1 0.006 0.2 ± 0.2 0.580 0.7 ± 0.2 < 0.001

30–60 175 ± 110 0.153 110 ± 145 0.516 249 ± 168 0.177 1.0 ± 0.2 < 0.001 0.7 ± 0.2 0.009 1.3 ± 0.2 < 0.001

60–90 200 ± 110 0.096 89 ± 159 0.613 321 ± 152 0.051 1.1 ± 0.2 < 0.001 0.6 ± 0.3 0.198 1.8 ± 0.3 < 0.001

90–120 194 ± 125 0.278 64 ± 171 0.886 337 ± 182 0.158 1.0 ± 0.2 < 0.001 0.6 ± 0.3 0.111 1.4 ± 0.3 < 0.001

BTS = Blalock-Taussig shunt, RVPAS = right ventricle to pulmonary artery shunt.
p values are computed using the two-sample t test.
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according to shunt type. There was a significant increase 
in variability during the 120-minute infusion for the 
entire cohort, with a statistically significant increase in 
variability noted in the BTS group and trending toward 
significance in the RVPAS group. Table 3 displays the 
change in ST segment vector variability, comparing each 
30-minute epoch with baseline for the entire cohort and 
according to shunt type. There is a progressive increase 
in variability for the entire cohort, which becomes sig-
nificant by the end of the infusion. Similar findings are 
appreciated for the BTS group, with a progressive in-
crease in variability appreciated with each 30-minute 
epoch, which becomes significant by the end of the in-
fusion. Figure 2 illustrates a significant increase in ST 
segment variability over time for the entire cohort.

DISCUSSION

We found a significant increase in ST segment vari-
ability associated with RBC transfusions in neonates 
following the NP. The ST segment variability was noted 
to increase throughout the duration of the infusion for 
the entire cohort, becoming statistically significant by 
the end of the transfusion. When evaluated according 
to shunt type, the BTS group experienced a progressive 
increase in variability over time, becoming statistically 
significant by the end of the transfusion; a trend to-
ward significance was observed in the RVPAS group.

These findings support our hypothesis that the trans-
fusion of stored RBCs led to compromised coronary 
vascular function and myocardial oxygen delivery, 

TABLE 2. 
Progressive Change in ST-Segment Variability in 30-Minute Epochs for the Entire Study 
Cohort and According to Shunt Type

Time Epoch
All,  

Mean ± se

RVPAS,  
Mean ± se

BTS,  
Mean ± se

RVPAS vs  
BTS pa

Baseline 0.436 ± 0.021 0.442 ± 0.029 0.431 ± 0.032 0.79

0–30 0.439 ± 0.021 0.449 ± 0.024 0.429 ± 0.035 0.64

30–60 0.451 ± 0.021 0.470 ± 0.025 0.433 ± 0.033 0.37

60–90 0.455 ± 0.022 0.450 ± 0.027 0.461 ± 0.034 0.80

90–120 0.488 ± 0.016 0.485 ± 0.023 0.490 ± 0.023 0.89

bSpearman test p 0.009 0.103 0.037  

BTS = Blalock-Taussig shunt, RVPAS = right ventricle to pulmonary artery shunt.
aThe RVPAS vs BTS comparison was assessed using the two-sample t test.
bSpearman test was used to assess ST segment vector variability over time.

TABLE 3. 
Change in ST Segment Vector Variability for Each 30-Minute Epoch Compared With Base-
line for the Entire Study Cohort and According to Shunt Type

 All
Right Ventricle to  

Pulmonary Artery Shunt Blalock-Taussig Shunt

Comparison Mean ± se p Mean ± se p Mean ± se p

(0–30) vs base 0.0027 ± 0.0186 0.44 0.0071 ± 0.0253 0.39 0.0017 ± 0.0273 0.52

(30–60) vs base 0.0150 ± 0.0209 0.24 0.0278 ± 0.0287 0.17 0.0020 ± 0.0305 0.47

(60–90) vs base 0.0190 ± 0.0217 0.19 0.0078 ± 0.0302 0.40 0.0303 ± 0.0313 0.17

(90–120) vs base 0.0514 ± 0.0217 0.01 0.0436 ± 0.0316 0.09 0.0594 ± 0.0298 0.02

p values are computed using the two-sample t test.
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leading to myocardial ischemia, as evidenced by a sig-
nificant increase in ST segment vector variability. The 
ST segment variability does not appear to be the result of 
unfavorable changes in hemodynamics, as it occurred 
without a decrement in diastolic blood pressure. There 
was no change in myocardial oxygen demand, as the 
RPP did not increase significantly, a variable that cor-
relates strongly and positively with changes in myo-
cardial oxygen demand (13, 14). Furthermore, the ST 
segment vector variability increased temporally related 
to the accumulation of transfused RBCs.

It is intriguing that the BTS group experienced statis-
tically significant ST segment vector variability, and the 
RVPAS group only shows trending toward significance. 
It would seem logical that if the transfusion had an ad-
verse effect on coronary vascular function and myo-
cardial oxygen delivery, the BTS group would be more 
susceptible to this phenomenon than the RVPAS group. 
In contrast to the RVPAS, the BTS allows for pulmonary 
artery diastolic run-off, leading to diastolic hypotension 
and “coronary steal” (15). It is this physiologic phenom-
enon that provided the impetus for the single ventricle 
reconstruction trial, which evaluated the impact of shunt 
type on outcomes following the NP (16).

We assessed for myocardial ischemia by evaluat-
ing the ST segment. However, the ECG obtained from 
infants with single ventricle anatomy is highly variable 

in appearance. There is often ST segment elevation or 
depression at baseline in univentricular hearts due to 
cardiac conduction abnormalities either native to the 
patient or following surgery (17, 18). For these reasons, 
we used a signal processing algorithm that captures the 
movement of the ST segment from multiple leads, gen-
erating a 3D ST vector (11, 12). Previous studies have 
demonstrated that the variability of this ST vector is 
associated with cardiopulmonary arrest in univentric-
ular hearts (11, 12). We used this ST segment vector 
and associated variability as a surrogate indicator of 
coronary ischemia.

Numerous studies of critically ill adults and chil-
dren have found an association between RBC trans-
fusions and increased mortality and morbidity (1–4). 
Although the storage lesion has been well documented 
for some time and our understanding of the mecha-
nisms involved have increased substantially over the 
last several years, its role in disease and the clinical 
consequences remain to be determined (5–8).

This is a retrospective study with a relatively small 
sample size from a single center. The age of transfused 
blood in our patient group was not determined, and 
the extent to which the RBC storage lesion may have 
contributed to these findings was not established. 
Another limitation relates to the lack of information 
concerning the baseline levels of electrolytes in each 
patient. This may have a confounding effect that we 
did not account for. Finally, positioning of ECG leads 
may not be uniform for all patients; however, each pa-
tient served as their own control, and findings of ST 
segment variability were determined based on changes 
from the transfusion to pretransfusion state.

A future prospective study may address the above 
limitations and assess the persistence of the increase in 
ST segment variability beyond the 120-minute window. 
This would have to be carefully designed to avoid the in-
troduction of additional confounders due to the ongoing 
clinical interventions over a longer window of time.

CONCLUSIONS

We found a significant increase in ST segment vector 
variability and evidence of myocardial ischemia tem-
porally related to RBC transfusions in neonates fol-
lowing the NP. It also appears that the BTS is more 
susceptible to the adverse effects of RBC transfusion 
than the RVPAS, as the degree of ST segment vector 
variability was significantly greater with this shunt 

Figure 2. ST segment vector variability (mean ± se) over time. 
The linear trend with positive slope indicates increasing variability 
over time (p = 0.047).
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type. Whether these findings are the result of a tran-
sient decrease in NO bioavailability and the clinical 
consequences remain to be determined.

 1 Department of Pediatrics, Divisions of Critical Care 
Medicine and Cardiology, Texas Children’s Hospital and 
Baylor College of Medicine, Houston, TX.

 2 Department of Pediatrics, Division of Cardiology, Texas 
Children’s Hospital and Baylor College of Medicine, 
Houston, TX.

 3 Medical Informatics Corp, Houston, TX.

 4 Department of Data Science, Southern Methodist University, 
Dallas, TX.

 5 Department of Pediatrics, The Heart Institute, Advocate 
Children’s Hospital, Chicago Medical School and Rosalind 
Franklin University of Medicine and Science, Oak Lawn, IL.

This work was performed at Texas Children’s Hospital.

Supplemental digital content is available for this article. Direct 
URL citations appear in the printed text and are provided in the 
HTML and PDF versions of this article on the journal’s website 
(http://journals.lww.com/ccejournal).

The authors have disclosed that they do not have any potential 
conflicts of interest.

For information regarding this article, E-mail: pnbhat@bcm.edu

REFERENCES
 1. Yin Z, Yu B, Liu W, et al: Blood transfusion and mortality in 

myocardial infarction: An updated meta-analysis. Oncotarget 
2017; 8:102254–102262

 2. Chatterjee S, Wetterslev J, Sharma A, et al: Association of 
blood transfusion with increased mortality in myocardial infarc-
tion: A meta-analysis and diversity-adjusted study sequential 
analysis. JAMA Intern Med 2013; 173:132–139

 3. Mille FK, Badheka A, Yu P, et al: Red blood cell transfusion 
after stage I palliation is associated with worse clinical out-
comes. J Am Heart Assoc 2020; 9:e015304

 4. Blackwood J, Joffe AR, Robertson CM, et al; Western Canadian 
Complex Pediatric Therapies Follow-up Group: Association of 
hemoglobin and transfusion with outcome after operations for 
hypoplastic left heart. Ann Thorac Surg 2010; 89:1378–84.e1

 5. Donadee C, Raat NJ, Kanias T, et al: Nitric oxide scavenging by red 
blood cell microparticles and cell-free hemoglobin as a mechanism 
for the red cell storage lesion. Circulation 2011; 124:465–476

 6. Gladwin MT, Kim-Shapiro DB: Storage lesion in banked blood 
due to hemolysis-dependent disruption of nitric oxide homeo-
stasis. Curr Opin Hematol 2009; 16:515–523

 7. Tinmouth A, Fergusson D, Yee IC, et al; ABLE Investigators; 
Canadian Critical Care Trials Group: Clinical consequences 
of red cell storage in the critically ill. Transfusion 2006; 
46:2014–2027

 8. Twomley KM, Rao SV, Becker RC: Proinflammatory, immu-
nomodulating, and prothrombotic properties of anemia and 
red blood cell transfusions. J Thromb Thrombolysis 2006; 
21:167–174

 9. Turer AT, Hill JA: Pathogenesis of myocardial ischemia-reper-
fusion injury and rationale for therapy. Am J Cardiol 2010; 
106:360–368

 10. Gaies MG, Jeffries HE, Niebler RA, et al: Vasoactive-inotropic 
score is associated with outcome after infant cardiac surgery: 
An analysis from the pediatric cardiac critical care consor-
tium and virtual PICU system registries. Pediatr Crit Care Med 
2014; 15:529–537

 11. Rusin CG, Acosta SI, Shekerdemian LS, et al: Prediction of 
imminent, severe deterioration of children with parallel circula-
tions using real-time processing of physiologic data. J Thorac 
Cardiovasc Surg 2016; 152:171–177

 12. Vu EL, Rusin CG, Penny DJ, et al: A novel electrocardiogram 
algorithm utilizing ST-segment instability for detection of car-
diopulmonary arrest in single ventricle physiology: A retro-
spective study. Pediatr Crit Care Med 2017; 18:44–53

 13. Gobel FL, Norstrom LA, Nelson RR, et al: The rate-pressure 
product as an index of myocardial oxygen consumption dur-
ing exercise in patients with angina pectoris. Circulation 1978; 
57:549–556

 14. Nelson RR, Gobel FL, Jorgensen CR, et al: Hemodynamic pre-
dictors of myocardial oxygen consumption during static and 
dynamic exercise. Circulation 1974; 50:1179–1189

 15. Ohye RG, Ludomirsky A, Devaney EJ, et al: Comparison of 
right ventricle to pulmonary artery conduit and modified 
Blalock-Taussig shunt hemodynamics after the Norwood op-
eration. Ann Thorac Surg 2004; 78:1090–1093

 16. Ohye RG, Sleeper LA, Mahony L, et al; Pediatric Heart Network 
Investigators: Comparison of shunt types in the Norwood 
procedure for single-ventricle lesions. N Engl J Med 2010; 
362:1980–1992

 17. Monaco MA, Liberman L, Starc TJ, et al: Defining the elec-
trocardiogram in the neonate with hypoplastic left heart syn-
drome. Pediatr Cardiol 2015; 36:1014–1018

 18. Khairy P, Poirier N, Mercier LA: Univentricular heart. Circulation 
2007; 115:800–812

http://journals.lww.com/ccejournal
mailto:pnbhat@bcm.edu

