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Abstract

Objective—To determine whether prenatal diagnosis lowers the risk of preoperative brain injury 

by assessing differences in the incidence of preoperative brain injury across centers.

Study design—From 2 prospective cohorts of newborns with complex congenital heart disease 

studied by preoperative cerebral magnetic resonance imaging, one cohort from the University 

Medical Center Utrecht (UMCU) and a combined cohort from the University of California San 

Francisco (UCSF) and University of British Columbia (UBC), patients with aortic arch obstruction 

were selected and their imaging and clinical course reviewed.

Results—Birth characteristics were comparable between UMCU (n = 33) and UCSF/UBC (n = 

54). Patients had a hypoplastic aortic arch with either coarctation/interruption or hypoplastic left 

heart syndrome. In subjects with prenatal diagnosis, there was a significant difference in the 

prevalence of white matter injury (WMI) between centers (11 of 22 [50%] at UMCU vs 4 of 30 

[13%] at UCSF/UBC; P < .01). Prenatal diagnosis was protective for WMI at UCSF/UBC (13% 
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prenatal diagnoses vs 50% postnatal diagnoses; P < .01), but not at UMCU (50% vs 46%, 

respectively; P > .99). Differences in clinical practice between prenatally diagnosed subjects at 

UMCU vs UCSF/UBC included older age at surgery, less time spent in the intensive care unit, 

greater use of diuretics, less use of total parenteral nutrition (P < .01), and a greater incidence of 

infections (P = .01). In patients diagnosed postnatally, the prevalence of WMI was similar in the 2 

centers (46%at UMCU vs 50% at UCSF/UBC; P > .99). Stroke prevalence was similar in the 2 

centers regardless of prenatal diagnosis (prenatal diagnosis: 4.5% at Utrecht vs 6.7% at UCSF/

UBC, P = .75; postnatal diagnosis: 9.1% vs 13%, respectively, P > .99).

Conclusion—Prenatal diagnosis can be protective for WMI, but this protection may be 

dependent on specific clinical management practices that differ across centers.

Neonates with complex congenital heart disease are at high risk for cerebral injury. 

Newborns with aortic arch obstruction, particularly those with single-ventricle physiology, 

have some of the highest rates of injury.1 At school age, approximately one-third of these 

children manifest problems, varying from motor problems to difficulties in executive 

function.2,3 Preoperative cranial magnetic resonance imaging (MRI) studies have revealed 

evidence of injury in 28%–43% of these patients, with this percentage increasing to 34%–

72% after surgery.4–7 The majority of the lesions detected on MRI are white matter injury 

(WMI), and a small proportion are strokes.

Brain injuries occur as the cumulative result of both the genetic background of the patient 

and the altered circulation during fetal, preoperative, intraoperative, and postoperative 

periods.8 Numerous different risk factors are involved, including clinical management 

practices, such as balloon atrial septostomy and timing of surgery.9,10 A surprising degree of 

clinical practice pattern variability exists across major pediatric congenital heart surgery 

programs. A recent single-ventricle reconstruction trial testing the effects of different 

Norwood shunt types among North American centers found significant variation in rates of 

common clinical practices, including prenatal diagnosis (55%–85%), preoperative intubation 

(29%–91%), and enteral feeding (1%–100%).11

Prenatal diagnosis particularly affects clinical practice, allowing for planned delivery and 

perinatal management in a tertiary care center. Changes in clinical care afforded by prenatal 

diagnosis have been postulated to influence both surgical and neurodevelopmental 

outcomes.12,13 Although prenatal diagnosis did not appear to be protective for preoperative 

brain injury in a large group of neonates with a wide range of cardiac diagnoses,14 this does 

not exclude the possibility of a beneficial effect in specific defects, such as aortic arch 

obstructions. In newborns with transposition of the great arteries (TGA), prenatal diagnosis 

was not associated with improved early neurodevelopmental outcomes.15 At school age, 

however, although IQ, language, and memory was normal in children with prenatally 

diagnosed TGA and those with postnatally diagnosed TGA, the latter had a higher 

prevalence of neurocognitive deficits and worse executive function.16

For newborns with aortic arch obstruction, prenatal diagnosis allows for early initiation of 

prostaglandin E2 therapy to maintain ductal patency and results in improved preoperative 

clinical status.17 The effect on brain injury remains unknown. We focused on rates of 
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preoperative brain injury in neonates with aortic arch obstruction as related to the presence 

of prenatal diagnosis and clinical practice differences across centers.

Methods

Our analysis used data from 2 prospective cohorts at 3 centers performing MRI scans before 

and after neonatal cardiac surgery: University Medical Center Utrecht (Utrecht, The 

Netherlands [UMCU]), and a longstanding collaboration of the University of California San 

Francisco (UCSF) and the University of British Columbia (UBC; Vancouver, Canada).1,7,18 

For our analysis, UCSF and UBC were considered a single center owing to the smaller 

sample size of patients with arch obstruction at UBC (n = 10) and initial comparisons 

showing similar perioperative management at these 2 centers (Table I; available at 

www.jpeds.com). Informed consent was obtained from all participating parents and from the 

institutional Medical Ethical Boards.

For this study, the preoperative scans of all enrolled neonates with aortic arch obstruction 

were used. The 3 centers had comparable MRI protocols, resulting in a similar sensitivity for 

identifying abnormalities.

At UMCU, MRI was performed with a 1.5-T scanner (Philips Medical Systems, Best, The 

Netherlands). MRI included 2-mm-thick sagittal T1-, transverse T2-, and inversion 

recovery-weighted sequences. An echo-planar imaging technique was used for diffusion-

weighted imaging (DWI) (repetition time [TR], 3800–5200 msec; echo time [TE], 89 msec), 

with a 180 × 180-mm field of view, 4-mm-thick sections, a 0-mm section gap, and b factors 

of 0 and 1000 s/mm2 (1.5 T). At UCSF, a 1.5-T Signa Echo-Speed System (GE Medical 

Systems, Waukesha, Wisconsin) was used. Imaging included T1-weighted sagittal spin-echo 

images (TR, 600 msec; TE, 8 msec; field of view, 20 cm; slice thickness, 3 mm; section gap, 

1 mm), dual-echo T2-weighted spin-echo images (TR, 3000 msec; TE, 60 msec; field of 

view, 8.3–13.5 cm; slice thickness, 4 mm; section gap, 2 mm), coronal volumetric 3-

dimensional gradient echo images with radiofrequency spoiling images (TR, 36 msec; TE, 

3.5 msec; field of view, 22 cm; slice thickness, 1 mm, section gap, 0), and average 

diffusivity map echo-planar acquisition (TR, 8000 msec; TE, 150 msec; field of view, 36 3 

27 cm; slice thickness, 5 mm, section gap, 0). At UBC, MRI studies were performed with a 

Siemens 1.5-T Avanto system (Siemens, Erlangen, Germany) using VB 13A software, and 

included 3-dimensional coronal volumetric T1-weighted images (TR, 36 msec; TE, 9.2 

msec; field of view, 200 mm; slice thickness, 1 mm; section gap, 0) and axial fast spin-echo 

T2-weighted images (TR, 4610 msec; TE, 107 msec; field of view, 160 mm; slice thickness, 

4 mm; section gap, 0.2 mm). Average diffusivity maps were generated from diffusion tensor 

imaging acquired with a multirepetition, single-shot echo planar sequence with 12 gradient 

directions (TR, 4900 msec; TE, 104 msec; field of view, 160 mm; slice thickness, 3 mm, 

section gap, 0); b,¼0, 600, and 700 s/mm2; and an in-plane resolution of 1.3 mm.

All scans were assessed for evidence of stroke and WMI by a single reviewer (K.P.), using 

conventional T1-weighted imaging, T2-weighted imaging, and DWI. WMI was scored as 

defined previously19 and as depicted in the Figure (available at www.jpeds.com). Mild WMI 

was defined as no more than 3 lesions each no larger than 2 mm; moderate, as 3 or more 
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lesions or areas larger than 2 mm; and severe, as involvement of approximately >5% of the 

hemisphere.

Clinical data were collected by retrospective chart review. Only data for the time period 

before preoperative MRI were analyzed, and thus events that may have occurred between 

the preoperative MRI and surgery were not included.

All daily physician progress notes and transfer notes were used, as were all available 

laboratory data. Low cardiac output syndrome (LCOS) was defined as either the use of 

cardiopulmonary resuscitation (CPR) or the presence of at least 3 of any of the following 

variables: clinical signs of LCOS, such as tachycardia, cool extremities, poor pulses, or 

oliguria; laboratory data showing an increased base deficit >3 mEq/L or a lactate >3 

mmol/L; or an intervention such as administration of inotropes, high-dose prostaglandin, or 

HCO3
−.20 LCOS was only scored for patients with sufficient clinical records to establish the 

diagnosis. Infections were assessed as defined previously.18 All clinical and imaging data 

were analysed separately by category of prenatal diagnosis.

Binary variables were compared between groups using the Fisher exact test. Continuous 

variables were compared using the Mann-Whitney U test. Given the sample size, univariate 

analyses were performed. All analyses were performed using SPSS version 15 (SPSS, 

Chicago, Illinois).

Results

Eighty-eight cases with aortic arch obstruction were available for the study, including 33 

from UMCU and 54 from UCSF/UBC (44 from UCSF and 10 from UBC). Of the 52 

patients in the prenatally diagnosed group, 25 (48%) had hypoplastic left heart syndrome 

(HLHS), and the remainder had other aortic arch obstructions necessitating univentricular or 

biventricular repair. Of the 35 patients in the postnatally diagnosed group, 12 (34%) had 

HLHS (P = .27, prenatal vs postnatal groups for diagnosis of HLHS). Specific cardiac 

diagnoses are listed in Table II (available at www.jpeds.com).

Table III shows the prevalence of WMI and stroke in both centers by prenatal diagnosis. In 

the UCSF/UBC cohort, 4 of 30 (13%) prenatally diagnosed patients had WMI, compared 

with 12 of 24 (50%) of the postnatally diagnosed patients, representing a risk reduction of 

37% (P < .01). In the UMCU cohort, the prevalence of preoperative WMI did not differ 

significantly between the prenatally diagnosed and postnatally diagnosed groups (11 of 22 

[50%] vs 5 of 11 [46%]; P > .99). There was a significant difference in the prevalence of 

injury between the Utrecht and UCSF/UBC cohorts in patients diagnosed prenatally (50% vs 

13%; P < .01). In both centers, mild WMI was most common (7 of 11 patients at Utrecht vs 

3 of 4 patients at UCSF/UBC), and there were no cases of severe WMI. At UMCU, 6 of the 

11 cases with WMI had lower apparent diffusion coefficient (ADC) values on DWI, 

suggesting recent injury. At UCSF/UBC, none of the 4 patients with WMI had areas of 

restricted diffusion.

The status of prenatal diagnosis did not affect the occurrence of stroke at either center 

(UMCU: 1 of 22 [4.5%] prenatally diagnosed vs 1 of 10 (10%) postnatally diagnosed, P > .
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99; UCSF/UBC: 2 of 30 [6.7%] prenatally diagnosed vs 3 of 21 [13%] postnatally 

diagnosed, P = .64). The incidence of stroke in prenatally diagnosed patients did not differ 

between centers (1 of 22 [4.5%] at UMCU vs 2 of 30 [6.7%] at UCSF/UBC; P = .75).

To explore the risk factors accounting for the difference in prevalence of brain injury across 

centers, we examined clinical management practices by status of prenatal diagnosis. 

Differences in perinatal data and in postnatal management are outlined in Table IV. There 

were no between-group differences in birth characteristics, although there was a trend 

toward more cases of HLHS at UCSF/UBC (32% at UMCU vs 60% at UCSF/UBC; P = .

06). Both 1-minute and 5-minute Apgar scores were significantly higher at Utrecht (median 

1-minute score, 9 at UMCU vs 8 at UCSF/UBC, P = .02; median 5-minute score, 9 at 

UMCU vs 9 UCSF/UBC, P = .02).

Intensive care unit (ICU) admittance policy differed in the 2 groups. At UMCU, patients 

diagnosed prenatally with a cardiac condition were admitted to the pediatric ICU 

immediately after birth for stabilization and, once stable (usually the next day), transferred 

to the pediatric cardiology ward (with less intensive monitoring). Readmittance to the ICU 

before surgery occurred only in the event of hemodynamic instability. In contrast, at UCSF/

UBC, all patients were cared for in the pediatric cardiac ICU or neonatal ICU until 

undergoing surgery. These management differences are reflected in the percentage of 

preoperative time spent on the ICU (median, 25% at UMCU vs 100% at UCSF/UBC; P < .

01). In addition, the number of non-ICU days differed between groups (median, 3 days at 

UMCU vs 0 days at UCSF/UBC; P < .01).

The timing of surgery was later at UMCU than at UCSF (median, 9 days vs 6 days; P < .01). 

Because MRI is usually planned shortly before surgery at UMCU, the day of MRI also was 

later than at UCSF (median, 7 days vs 3 days; P < .01). The prevalence of CPR and LCOS 

did not differ between the centers (with data available for 18 of 22 UMCU patients [81%] 

and for 25 of 30 UCSF/UBC patients [83%]). Despite the greater number of ICU admissions 

at UCSF/UBC, the number of patients requiring mechanical ventilation and inotropic 

medications were similar at the 2 centers. However, more patients at UMCU received 

diuretics (59% at UMCU vs 17% at UCSF/UBC; P < .01). In contrast, more patients at 

UCSF/UBC received total parenteral nutrition (9.1% at UMCU vs 64% at UCSF/UBC; P < .

01). Enteral feeding was more common at UMCU (100% vs 10%; P < .01). Finally, 

infections before surgery were more common at UMCU (23% vs none at UCSF; P = .01). 

Infections included 3 culture-confirmed bloodstream infections (2 with Staphylococcus 

aureus and 1 with a coagulase-negative Staphylococcus) and 2 pneumonias (documented on 

chest radiographs), all of which were treated with antibiotics for at least 5 days.

Of note, when UBC patients were excluded from the analyses, thus comparing UMCU only 

with UCSF, all of the aforementioned differences remained significant.

There was no significant between-group difference in the incidence of WMI (46% vs 50%; 

P > .99) (Table III). All of the UMCU cases had moderate WMI, and all had decreased ADC 

values. At UCSF/UBC, severity was evenly distributed over mild and moderate to severe (1 

case of severe WMI), and 5 of 12 cases (42%) had decreased ADC values. Stroke 
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prevalence was similar at the 2 centers (1 of 11 [9.1%] at UMCU vs 3 of 24 [13%] at UCSF/

UBC; P > .99).

In neonates diagnosed with congenital heart disease postnatally (n = 35), again birth 

characteristics were similar at the 2 centers, but with a trend toward a higher prevalence of 

HLHS at UCSF/UBC (9.1% at UMCU vs 46% at UCSF/UBC; P = .06) (Table IV). A trend 

towards a higher rate of cesarean delivery at UCSF/UBC was also noted (none in UMCU vs 

29% at UCSF/UBC; P = .07). Five-minute Apgar score was higher at UMCU (median, 10 at 

UMCU vs 9 at UCSF/UBC; P = .03).

Patients often presented at a level 2 center and were then transferred to a level 3 center 

(UMCU or UCSF/UBC). There was a trend toward a later day of initial presentation (at any 

hospital, usually the level 2 hospital) in the UMCU group (median, day 3 at UMCU vs day 0 

[day of birth] at UCSF/UBC; P = .06).

As in the group of patients diagnosed prenatally, MRI scans were performed at a later age at 

UMCU, and there was a trend toward a later day of surgery at Utrecht (median age at MRI, 

11 days at UMCU vs 6 days at UCSF/UBC, P = .03; median day of surgery, 12 days at 

UMCU vs 9 days at UCSF/UBC, P = .07). In addition, less time was spent on the ICU at 

UMCU (29% of the time in UMCU vs 60% at UCSF/UBC; P = .03; and 8 non-ICU days at 

UMCU vs 2 at UCSF/UBC; P = .04).

Combining the patients of both centers, we assessed for preoperative factors associated with 

the presence of WMI. Results are presented in Table V. In the overall cohort, the protective 

effect of prenatal diagnosis was of borderline significance (P = .07).

In prenatally diagnosed patients, increased age at MRI and surgery showed a significant 

association with more WMI (patients without WMI had an MRI at a median age of 4 days 

and underwent surgery at 7 days, vs 6 days and 9 days, respectively, in the group with WMI; 

P < .01 and P = .07, respectively). Enteral feeding was associated with occurrence of WMI 

(39% in the no WMI group vs 73% in the WMI group; P = .03). Infection also was 

associated with increased risk (2.7% in the no WMI group vs 27% in the WMI group; P = .

02).

For postnatally diagnosed patients, significant risk factors for WMI were CPR, LCOS, and 

the need for mechanical ventilation and sedatives (P = .02, P = .02, P = .01, and P = .02, 

respectively).

Discussion

The fact that the 2 cohorts had very similar birth characteristics but still a very different 

prevalence of WMI makes this a highly suitable group for studying the potential of various 

postnatal care strategies to reduce the burden of brain injury. In the time leading up to the 

surgical procedure, the most apparent difference between the 2 centers was the difference in 

timing of surgery (and, consequently, of preoperative MRI). The question arises as to 

whether the white matter lesions were more established in the UMCU patients because they 

underwent MRI later. This is not likely, given that both centers used sensitive MRI 
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techniques, such as DWI, which will show injury, such as white matter lesions, as early as 

hours after the insult (although the slice thickness of DWI is greater than that of 

conventional T1 and T2 sequences; 4 mm vs 2 mm). Furthermore, in the UMCU population, 

the abundance of DWI-positive lesions suggests that at least part of the injury has a postnatal 

onset, considering that lesions remain DWI-positive for up to 7–8 days, and that the median 

day of MRI was 7 days in the prenatally diagnosed UMCU patients and 11 days in the 

postnatally diagnosed UMCU patients.

Taking the foregoing findings into account, we hypothesize that the increasing abundance of 

WMI while awaiting surgery may be related in part to the ongoing suboptimal hemodynamic 

state. In newborns with TGA, lower oxygen saturation and longer time to surgery also have 

been associated with higher rates of WMI.4,9 Moreover, in a recent study of infants with 

various cardiac diagnoses, the subgroup with preoperative WMI showed a trend toward 

higher lactate values.14 In patients with single-ventricle physiology, such as HLHS, there is 

a delicate balance between pulmonary and systemic perfusion, and in the first days of life, as 

pulmonary vascular resistance falls and pulmonary blood flow increases, this may be at the 

expense of the systemic and cerebral circulation. Increasing pulmonary blood flow carries a 

risk of cerebral hypoperfusion. Patients underwent surgery at a median of 9 days at UMCU, 

compared with 6 days at UCSF/UBC. The longer interval until surgery may put these 

neonates at greater risk for systemic and cerebral hypoperfusion, especially when they are 

not continuously admitted to the ICU and closely monitored. A recent study of risk factors 

for preoperative injury in neonates with HLHS by Goff et al21 reported a relatively low 

prevalence of WMI of 19%, which may be attributed to both the early age at surgery (mean, 

3.6 days) and the high percentage of cases diagnosed prenatally (86%). This low frequency 

of WMI in the setting of prenatal diagnosis is consistent with the prevalence observed at 

UCSF/UBC. The only other risk factor identified in this study was brain immaturity, a 

finding also observed in the UCSF/UBC cohort.22

Other management differences between the 2 centers that may have important effects on 

cerebral injury must be taken into account as well. The first of these is the higher incidence 

of preoperative infections before surgery in UMCU. The association between infection and 

WMI has been observed before in both neonates undergoing cardiac surgery and preterm 

neonates.18,23 Furthermore, the use of diuretics was much more common in the UMCU 

group. Although commonly administered to treat tachypnea and pulmonary edema, diuretics 

carry a risk of reducing preload and further compromising systemic perfusion, which may 

result in a higher prevalence of WMI. Finally, provision of total parenteral nutrition, instead 

of enteral nutrition, was more common at UCSF/UBC. Giving the increasing evidence 

indicating that proper nutrition is essential for brain protection in neonates, total parenteral 

nutrition may deliver more trophic factors to the brain, helping minimize the risk of WMI. 

Alternatively, enteral feeding may lead to increased abdominal perfusion, at the expense of 

cerebral blood flow in ductal-dependent circulation.

In patients diagnosed after birth, the prevalence of WMI was approximately the same (50%) 

in the 2 centers. The risk factors for WMI in this group were all markers of the state in 

which these patients presented with their cardiac lesion: LCOS and cardiac arrest, with a 

subsequent need for mechanical ventilation and sedation. These abnormal circulatory states 
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presumably result in a primary brain injury at the time of presentation. No other center-

specific management differences apparently affected the overall risk of injury; however, 

there was a trend toward milder forms of WMI at UCSF/UBC in this group, perhaps 

reflecting the same preoperative management differences between the centers as in the 

prenatally diagnosed group (ie, time spent on the ICU and total parenteral nutrition). 

Another explanation may be the later age of identification of a cardiac condition in the 

UMCU patients (3 days vs day of birth at UCSF/UBC), which may reflect the more 

common practice of home births in The Netherlands.

Although there was a large discrepancy in WMI burden between centers, this did not apply 

to stroke incidence, which was similar in the 2 centers, suggesting less influence of 

preoperative management on this phenomenon. This may be related to the fact that 

thromboembolic processes are the most important cause of stroke. Balloon atrial septostomy 

has been identified as a risk factor for stroke in newborns with TGA. In neonates with aortic 

arch obstruction, balloon atrial septostomy is much less common.10

The present study has some important limitations. Although the number of cases analyzed is 

quite substantial for this very specific cardiac patient group, the separate assessment of 

prenatally diagnosed and postnatally diagnosed patients precluded multivariate testing of 

risk factors for WMI. Furthermore, although we made every effort to collect extensive data 

to explore possible important clinical factors, we cannot exclude the possibility that other 

important information might have been overlooked. In particular, given the differences in 

care location (eg, ICU vs ward), important physiological data (eg, blood pressure) and 

laboratory data (eg, lactate, blood gases) were not collected uniformly at each center, 

making meaningful analysis of these data impossible. In the future, a prospective study in 

which hemodynamic data are continuously recorded during the entire preoperative course 

will better identify possible risk factors for cerebral injury, especially WMI. Only then can 

we effectively intervene, aiming for the lowest possible burden of injury before these 

neonates undergo their necessary cardiac surgery.

In conclusion, our data suggest that optimizing the care of neonates with aortic arch 

obstruction before they undergo surgery may provide an opportunity to fully realize the 

potential of prenatal cardiac diagnosis to improve the brain health of these vulnerable 

neonates.
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Glossary

ADC Apparent diffusion coefficient

CPR Cardiopulmonary resuscitation

DWI Diffusion-weighted imaging

HLHS Hypoplastic left heart syndrome

ICU Intensive care unit

LCOS Low cardiac output syndrome

MRI Magnetic resonance imaging

TE Echo time

TGA Transposition of the great arteries

TR Repetition time

UBC University of British Columbia

UCSF University of California San Francisco

WMI White matter injury
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Figure. 
Classification of WMI severity. A, Mild WMI was defined as no more than 3 lesions each 

no larger than 2 mm. B, Moderate WMI was defined as 3 or more lesions or areas larger 

than 2 mm. C, Severe WMI was defined as involvement of approximately >5% of the 

hemisphere.
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Table I

Characteristics of the UCSF and UBC cohorts

UCSF (n = 44) UBC (n = 10) P value

Preoperative injury, n (%)

  Any WMI 14 (31) 2 (20) .71

    Mild 7 (16) 2 (20) .66

    Moderate or severe 7 (16) 0 .33

  Stroke 2 (4.4) 2 (10) .15

Birth characteristics

  Gestational age, wk, median (IQR) 39.0 (38.0–39.9) 39.0 (38.0–40.0) .92

  Birth weight, g, median (IQR) 3227 (2982–3516) 3590 (2758–4355) .35

  Male sex, n (%) 28 (62) 8 (80) .47

  Genetic syndrome, n (%) 5 (11) 0 (0) .57

  Prenatal diagnosis, n (%) 25 (56) 6 (60) >.99

  Diagnosis of HLHS, n (%) 25 (57) 4 (40) .49

Perinatal course

  Cesarean delivery, n (%) 11 (25) 5 (50) .14

  5-min Apgar score, median (IQR) 9 (8–9) 9 (9–9) .11

Neonatal course, median (IQR)

  Age at presentation, d 0 (0–0) 0 (0–0) .44

  Age at MRI, d 5 (3–6) 2 (1–8) .10

  Age at surgery, d 7 (6–11) 6 (2–15) .14

  Time in ICU, % 100 (69–100) 100 (34–100) .71

  Non-ICU days, n 0 (0–2) 0 (0–6) .92

Hemodynamics and management

  LCOS, n/N (%) 16/36 (44) 2/9 (22) .28

  CPR, n (%) 2 (4.4) 0 >.99

  Mechanical ventilation, n (%) 30 (68) 3 (30) .04

  Ventilator strategy, n (%)4 4 (8.9) 0 >.99

  Sedatives, n/N (%) 34/43 (77) 4/9 (44) .10

  Prostaglandin, n (%) 45 (100) 8 (80) .03

  Inotropes, n/N (%) 15/43 (34) 1 (10) .25

  Diuretics, n/N (%) 12/43 (27) 2/9 (22) >.99

  Total parenteral nutrition, n/N (%) 30/37 (81) 2/9 (22) <.01

  Enteral feeding, n/N (%) 13/41 (32) 6 (60) .15

  Lowest hemoglobin, median (IQR) 12.7 (11.5–13.4) 13.7 (12.6–15.4) .05

Inflammation, n (%)

  Infection 2 (4.4) 1 (10) .47

  Antibiotics 24 (53) 3 (30) .30
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Table III

Preoperative injury

Diagnosis UMCU UCSF/UBC P value

Prenatal diagnosis n = 22 n = 30

  Any WMI 11 (50) 4 (13) <.01

    Mild 7 (32) 3 (10) .05

    Moderate 4 (18) 1 (3.3) .07

  Stroke 1 (4.5) 2 (6.7) .75

Postnatal diagnosis n = 11 n = 24

  Any WMI 5 (46) 12 (50) >.99

    Mild 0 (0) 6 (25) .15

    Moderate-severe 5 (46) 6 (25) .26

  Stroke 1 (9.1) 3 (13) >.99

Values stated as number of patients (% of center).

J Pediatr. Author manuscript; available in PMC 2015 December 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Algra et al. Page 15

T
ab

le
 IV

C
lin

ic
al

 c
ha

ra
ct

er
is

tic
s 

an
d 

m
an

ag
em

en
t p

ra
ct

ic
es

 b
y 

ce
nt

er

P
re

na
ta

l d
ia

gn
os

is
P

os
tn

at
al

 d
ia

gn
os

is

V
ar

ia
bl

es
U

M
C

U
(n

 =
 2

2)
U

C
SF

/U
B

C
(n

 =
 3

0)
P

 (
U

M
C

U
 v

s
U

C
SF

/U
B

C
)

U
M

C
U

(n
 =

 1
1)

U
C

SF
/U

B
C

(n
 =

 2
4)

P
 (

U
M

C
U

 v
s

U
C

SF
/U

B
C

)

B
ir

th
 c

ha
ra

ct
er

is
tic

s

  Gestational age, wk, median (IQR)
























39

.0
 (

38
.3

–4
0.

0)
38

.7
 (

38
.0

–3
9.

3)
.2

8
39

.1
 (

38
.6

–4
0.

1)
39

.3
 (

38
.5

–4
0.

3)
.8

9

  Birth weight, g, median (IQR)























33
20

 (
30

30
–3

66
0)

32
45

 (
29

71
–3

68
8)

.9
9

34
00

 (
32

40
–3

51
6)

32
78

 (
30

43
–3

52
8)

.3
9

  Male sex, n (%)












19

 (
86

)
21

 (
70

)
.2

0
8 

(7
3)

14
 (

58
)

.4
8

  Genetic syndrome, n (%)


















2 

(9
.5

)
2 

(6
.7

)
.7

1
1 

(9
.1

)
3 

(1
3)

>
.9

9

  Diagnosis of HLHS, n (%)




















*
7 

(3
2)

18
 (

60
)

.0
6

1 
(9

.1
)

11
 (

46
)

.0
6

  Year, median (IQR)















20

10
 (

20
09

–2
01

1)
20

07
 (

20
05

–2
01

0)
<.

01
20

10
 (

20
09

–2
01

1)
20

06
 (

20
05

–2
00

9)
<.

01

Pe
ri

na
ta

l c
ou

rs
e

  Cesarean delivery, n/N (%)




















3/
22

 (
13

.6
)

9 
(3

0)
.2

0
0 

(0
)

7 
(2

9)
.0

7

  5-min Apgar score, median (IQR)
























9 

(9
–1

0)
9 

(8
–9

)
.0

2
10

 (
9–

10
)

9 
(8

–9
)

.0
3

N
eo

na
ta

l c
ou

rs
e,

 m
ed

ia
n 

(I
Q

R
)

  Age at presentation, d















0 

(0
–0

)
0 

(0
–0

)
>

.9
9

3 
(1

–9
)

0 
(0

–4
)

.0
6

  Age at MRI, d









7 

(6
–9

)
3 

(2
–5

)
<.

01
11

 (
7–

13
)

6 
(5

–1
0)

.0
3

  Age at surgery, d











9 
(7

–1
3)

6 
(4

–8
)

<.
01

12
 (

10
–1

5)
9 

(7
–1

2)
.0

7

  Time in ICU, %, median (IQR)























25
 (

16
–7

0)
10

0 
(1

00
–1

00
)

<.
01

29
 (

18
–4

6)
60

 (
31

–8
6)

.0
3

  Non-ICU days, n, median (IQR)
























3 

(2
–6

)
0 

(0
–0

)
<.

01
8 

(3
–9

)
2 

(1
–4

)
.0

4

H
em

od
yn

am
ic

s 
an

d 
m

an
ag

em
en

t

  LCOS, n (%)









†

4 
(2

2)
4 

(1
7)

.7
1

9 
(9

0)
14

 (
67

)
.2

2

  CPR, n (%)








0 
(0

)
0 

(0
)

>
.9

9
3 

(2
7)

2 
(8

.3
)

.1
4

  Balloon atrioseptostomy, n (%)
























0 

(0
)

1 
(3

.3
)

>
.9

9
0 

(0
)

1 
(2

.9
)

>
.9

9

  Mechanical ventilation, n (%)





















6 

(2
7)

13
 (

43
)

.2
6

8 
(7

3)
20

 (
83

)
.6

5

V
en

til
at

or
 s

tr
at

eg
y,

 n
 (

%
)‡

0 
(0

)
4 

(1
3)

.1
3

0 
(0

)
0 

(0
)

>
.9

9

  Sedatives, n (%)











†
7 

(3
1.

8)
16

 (
57

)
.0

9
8 

(7
3)

21
 (

88
)

.3
5

  Prostaglandin, n (%)















19

 (
86

)
29

 (
97

)
.1

7
10

 (
91

)
23

 (
96

)
.5

4

  Inotropes, n (%)












4 

(1
8)

2 
(6

.9
)

.3
8

9 
(8

2)
14

 (
58

)
.2

6

  Diuretics, n (%)











†
13

 (
59

)
5 

(1
7)

<.
01

6 
(5

4)
9 

(3
9)

.4
8

J Pediatr. Author manuscript; available in PMC 2015 December 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Algra et al. Page 16

P
re

na
ta

l d
ia

gn
os

is
P

os
tn

at
al

 d
ia

gn
os

is

V
ar

ia
bl

es
U

M
C

U
(n

 =
 2

2)
U

C
SF

/U
B

C
(n

 =
 3

0)
P

 (
U

M
C

U
 v

s
U

C
SF

/U
B

C
)

U
M

C
U

(n
 =

 1
1)

U
C

SF
/U

B
C

(n
 =

 2
4)

P
 (

U
M

C
U

 v
s

U
C

SF
/U

B
C

)

  Total parenteral nutrition, n (%)























†
2 

(9
.1

)
16

 (
64

)
<.

01
1 

(9
.1

)
16

 (
80

.0
)

<.
01

  Enteral feeding, n (%)















†

22
 (

10
0)

3 
(1

0)
<.

01
11

 (
10

0)
16

 (
73

)
.0

8

  Lowest hemoglobin, median (IQR)
























14

.6
 (

13
.0

–1
7.

6)
13

.3
 (

12
.5

–1
4.

6)
.1

3
13

.0
 (

11
.6

–1
5.

3)
12

.1
 (

11
.3

–1
3.

3)
.0

6

In
fl

am
m

at
io

n,
 n

 (
%

)

  Infection






5 

(2
3)

0 
(0

)
.0

1
1 

(9
.1

)
3 

(1
3)

>
.9

9

  Antibiotics








7 
(3

2)
4 

(1
3)

.1
1

4 
(3

6)
22

 (
92

)
<.

01

* Sp
ec

if
ic

 d
ia

gn
os

es
 a

re
 li

st
ed

 in
 T

ab
le

 I
I.

† D
at

a 
w

er
e 

av
ai

la
bl

e 
fo

r 
a 

lim
ite

d 
nu

m
be

r 
of

 p
at

ie
nt

s:
 L

C
O

S,
 n

 =
 7

4;
 s

ed
at

iv
es

, n
 =

 8
4;

 d
iu

re
tic

s,
 n

 =
 8

6;
 to

ta
l p

ar
en

te
ra

l n
ut

ri
tio

n,
 n

 =
 7

9;
 e

nt
er

al
 f

ee
di

ng
, n

 =
 8

5.
 P

er
ce

nt
ag

es
 s

ho
w

n 
ar

e 
on

ly
 o

f 
pa

tie
nt

s 
w

ith
 s

uf
fi

ci
en

t d
at

a.

‡ Sp
ec

ia
l v

en
til

at
or

 s
tr

at
eg

ie
s 

in
cl

ud
ed

 v
en

til
at

io
n 

w
ith

 h
yp

ox
ic

 g
as

 a
nd

 p
er

m
is

si
ve

 h
yp

er
ca

pn
ia

.

J Pediatr. Author manuscript; available in PMC 2015 December 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Algra et al. Page 17

T
ab

le
 V

R
is

k 
fa

ct
or

s 
fo

r 
W

M
I

P
re

na
ta

l d
ia

gn
os

is
P

os
tn

at
al

 d
ia

gn
os

is

V
ar

ia
bl

es
N

o 
W

M
I 

(n
 =

 3
7)

W
M

I 
(n

 =
 1

5)
P

 (
no

 W
M

I
vs

 W
M

I)
N

o 
W

M
I 

(n
 =

 1
8)

W
M

I 
(n

 =
 1

7)
P

 (
no

 W
M

I
vs

 W
M

I)

B
ir

th
 c

ha
ra

ct
er

is
tic

s

  Gestational age, wk, median (IQR)
























39

 (
38

–3
9)

39
 (

38
–4

0)
.5

5
39

 (
39

–4
0)

40
 (

39
–4

1)
.1

4

  Birth weight, g, median (IQR)























32
90

 (
30

10
–3

69
5)

32
37

 (
27

39
–3

65
5)

.4
4

32
34

 (
29

41
–3

37
5)

34
12

 (
31

40
–3

56
9)

.1
0

  Male sex, n (%)












28

 (
76

)
12

 (
80

)
>

.9
9

11
 (

61
)

11
 (

65
)

>
.9

9

  Genetic syndrome, n (%)


















4 

(1
1)

0 
(0

)
.5

7
4 

(2
2)

0 
(0

)
.1

0

  Diagnosis of HLHS, n (%)





















19

 (
51

)
6 

(4
0)

.5
5

4 
(2

2)
8 

(4
7)

.1
6

  Year, median (IQR)















20

08
 (

20
06

–2
01

0)
20

09
 (

20
05

–2
01

0)
.2

4
20

09
 (

20
04

–2
01

0)
20

07
 (

20
06

–2
01

0)
.9

4

Pe
ri

na
ta

l c
ou

rs
e

  Cesarean delivery, n (%)


















10

 (
27

)
2 

(1
3)

.4
7

4 
(2

2)
3 

(1
8)

>
.9

9

  5-min Apgar score, median (IQR)
























9 

(9
–9

)
9 

(8
–9

)
.5

5
9 

(8
–9

)
9 

(9
–9

)
.8

0

N
eo

na
ta

l c
ou

rs
e,

 m
ed

ia
n 

(I
Q

R
)

  Age at presentation, d















0 

(0
–0

)
0 

(0
–0

)
>

.9
9

1 
(0

–8
)

2 
(0

–5
)

.8
1

  Age at MRI scan, d












4 

(2
–6

)
6 

(4
–8

)
<.

01
8 

(5
–1

2)
7 

(5
–1

2)
.5

3

  Age at surgery, d











7 
(5

–8
)

9 
(6

–1
2)

.0
7

11
 (

7–
14

)
11

 (
8–

15
)

.8
4

  Time in ICU, %, median (IQR)























10
0 

(6
4–

10
0)

67
 (

25
–1

00
)

.1
6

31
 (

19
–8

5)
60

 (
32

–7
6)

.1
3

  Non-ICU days, median (IQR)























0 
(0

–3
)

2 
(0

–6
)

.0
9

6 
(1

–1
0)

3 
(1

–7
)

.3
1

H
em

od
yn

am
ic

s 
an

d 
m

an
ag

em
en

t

  LCOS, n (%)









*

5 
(1

5)
3 

(3
3)

.2
2

8 
(5

3)
15

 (
94

)
.0

2

  CPR, n (%)








0 
(0

)
0 

(0
)

>
.9

9
0 

(0
)

5 
(3

1)
.0

2

  Balloon atrioseptostomy, n (%)
























1 

(2
.7

)
0 

(0
)

>
.9

9
0 

(0
)

1 
(5

.9
)

.4
9

  Mechanical ventilation, n (%)





















11

 (
30

)
8 

(5
3)

.1
3

11
 (

61
)

17
 (

10
0)

.0
1

  Ventilator strategy, n (%)


















†

3 
(8

.1
)

1 
(6

.7
)

>
.9

9
0

0

  Sedatives, n (%)











*
15

 (
43

)
8 

(5
3)

.5
5

12
 (

67
)

17
 (

10
0)

.0
2

  Prostaglandin, n (%)















35

 (
95

)
13

 (
87

)
.5

7
16

 (
89

)
17

 (
10

0)
.4

9

  Inotropes, n (%)












3 

(8
.3

)
3 

(2
0)

.3
4

9 
(5

0)
14

 (
82

)
.0

8

  Diuretics, n (%)











*
10

 (
28

)
8 

(5
3)

.1
1

6 
(3

5)
9 

(5
3)

.4
9

J Pediatr. Author manuscript; available in PMC 2015 December 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Algra et al. Page 18

P
re

na
ta

l d
ia

gn
os

is
P

os
tn

at
al

 d
ia

gn
os

is

V
ar

ia
bl

es
N

o 
W

M
I 

(n
 =

 3
7)

W
M

I 
(n

 =
 1

5)
P

 (
no

 W
M

I
vs

 W
M

I)
N

o 
W

M
I 

(n
 =

 1
8)

W
M

I 
(n

 =
 1

7)
P

 (
no

 W
M

I
vs

 W
M

I)

  Total parenteral nutrition, n (%)























*
13

 (
39

)
5 

(3
6)

>
.9

9
7 

(4
7)

10
 (

63
)

.4
8

  Enteral feeding, n (%)















*

14
 (

39
)

11
 (

73
)

.0
3

13
 (

77
)

14
 (

88
)

.6
6

  Lowest hemoglobin, median (IQR)
























13

.9
 (

13
.0

–1
6.

2)
13

.0
 (

12
.3

–1
7.

1)
.4

6
12

.2
 (

11
.4

–1
4.

3)
12

.2
 (

11
.3

–1
3.

3)
.6

3

In
fl

am
m

at
io

n,
 n

 (
%

)

  Infection






1 

(2
.7

)
4 

(2
7)

.0
2

3 
(1

7)
1 

(5
.9

)
.6

0

  Antibiotics








5 
(1

4)
6 

(4
0)

.0
6

13
 (

72
)

13
 (

77
)

>
.9

9

* D
at

a 
w

er
e 

av
ai

la
bl

e 
fo

r 
a 

lim
ite

d 
nu

m
be

r 
of

 p
at

ie
nt

s:
 L

C
O

S,
 n

 =
 7

4;
 s

ed
at

iv
es

, n
 =

 8
4;

 d
iu

re
tic

s,
 n

 =
 8

6;
 to

ta
l p

ar
en

te
ra

l n
ut

ri
tio

n,
 n

 =
 7

9;
 a

nd
 e

nt
er

al
 f

ee
di

ng
, n

 =
 8

5.
 P

er
ce

nt
ag

es
 s

ho
w

n 
ar

e 
on

ly
 f

or
 

pa
tie

nt
s 

w
ith

 s
uf

fi
ci

en
t d

at
a.

† Sp
ec

ia
l v

en
til

at
or

 s
tr

at
eg

ie
s 

in
cl

ud
ed

 v
en

til
at

io
n 

w
ith

 h
yp

ox
ic

 g
as

 a
nd

 p
er

m
is

si
ve

 h
yp

er
ca

pn
ia

.

J Pediatr. Author manuscript; available in PMC 2015 December 01.


