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Abstract

 Objective—Patients with single ventricle can develop aortic-to-pulmonary collaterals (APCs). 

Along with systemic-to-pulmonary artery shunts, these structures represent a direct pathway from 

systemic to pulmonary circulations, and may limit cerebral blood flow (CBF). This study 

investigated the relationship between CBF and APC flow on room air and in hypercarbia, which 

increases CBF in patients with single ventricle.

 Methods—106 consecutive patients with single ventricle underwent 118 cardiac magnetic 

resonance (CMR) scans in this cross-sectional study; 34 prior to bidirectional Glenn (BDG) 

(0.50±0.30 years old), 50 prior to Fontan (3.19±1.03 years old) and 34 3–9 months after Fontan 
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(3.98±1.39 years old). Velocity mapping measured flows in the aorta, cavae and jugular veins. 

Analysis of variance (ANOVA) and multiple linear regression were used. Significance was p<0.05.

 Results—A strong inverse correlation was noted between CBF and APC/shunt both on room 

air and with hypercarbia whether CBF was indexed to aortic flow or body surface area, 

independent of age, cardiopulmonary bypass time, Po2 and Pco2 (R=−0.67–−0.70 for all patients 

on room air, p<0.01 and R=−0.49–−0.90 in hypercarbia, p<0.01). Correlations were not different 

between surgical stages. CBF was lower, and APCs/shunt flow was higher prior to BDG than in 

other stages.

 Conclusions—There is a strong inverse relationship between CBF and APC/shunt flow in 

patients with single ventricle throughout surgical reconstruction on room air and in hypercarbia 

independent of other factors. We speculate that APC/shunt flow may have a negative impact on 

cerebral development and neurodevelopmental outcome. Interventions on APC may modify CBF, 

holding out the prospect for improving neurodevelopmental trajectory.

 Trial Registration Number—NCT02135081.

 INTRODUCTION

Among the many known complications that patients with single ventricle must face12 are the 

development of aortic-to-pulmonary collaterals (APCs),3–6 which have been identified on 

angiography for many years. APC flow places a volume load on an already compromised 

ventricle and is linked to short-term adverse outcomes.47 Only recently has cardiac magnetic 

resonance (CMR) developed the capability to quantify flow in these vessels.3–6 In a control 

group from our institution, APC flow has been demonstrated to be 0.18 +0.18 L/min/m2, 

which is 5±5% of aortic flow.3

We speculated that APC flow may also complicate brain development by affecting cerebral 

blood flow (CBF), potentially raising issues regarding neurological outcome. Presumably 

due to both delayed maturation and brain injury,8–10 adverse neurodevelopment in patients 

with single ventricle has been documented in numerous studies.1112 APCs represent a low 

resistance runoff of systemic flow into the pulmonary bed, which may divert blood from the 

developing brain to the lungs. This would decrease CBF, possibly contributing to both 

delayed or abnormal brain maturation and injury, resulting in lower than normal intelligence. 

Numerous studies have linked CBF to lower IQ testing.1314 Therefore, we hypothesise that 

APCs may directly contribute to decreasing CBF, and indirectly complicate brain 

development as one of many contributors to ultimate outcome.

The purpose of this investigation was to examine the relationship of APC flow with CBF 

under room air and hypercarbia, which dilates the cerebral vascular bed. We hypothesise that 

APC flow will negatively impact CBF, and speculate that it may represent a risk factor for 

poor neurodevelopmental outcome. Because APCs may be embolised in the catheterisation 

laboratory5 or manipulated pharmacologically,15 patients at risk can potentially undergo 

early intervention making the relationship of APCs to CBF important to identify and 

characterise for clinical outcome.
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 METHODS

 Patients

This was a cross-sectional subanalysis of a single-centre prospective National Institutes of 

Health study of CBF in patients with single ventricle throughout staged surgical 

reconstruction. Patients were enrolled from April 2009 to March 2012. The inclusion criteria 

included any patient <10 years of age with single-ventricle physiology undergoing surgery at 

our institution. Patients with a Sano shunt or patent main pulmonary artery prior to 

bidirectional Glenn (pre-BDG)/hemi-Fontan were excluded because they were few in 

numbers, and no definitive statistical statement could be made; they could not be combined 

with those who underwent a Blalock–Taussig shunt for reasons mentioned below. Subjects 

needed to have phase-encoded velocity mapping in the jugular veins to measure CBF. As a 

measure of APC, patients had phase-encoded velocity mapping across the systemic 

semilunar valve(s), superior vena cava (SVC) and either the inferior vena cava (IVC) or 

descending aorta (DAo) at the diaphragm. Exclusion criteria included any contraindication 

to CMR. Informed consent for the larger study was obtained from all participants’ families. 

The hospital’s institutional review board approved this study.

 Study procedure

Patients underwent a CMR immediately prior to heart surgery (either pre-BDG or prior to 

Fontan) or 3–9 months after Fontan. In those prior to surgery, patients were prepared in the 

operating room with intravenous and arterial line placement; all participants were 

administered general anaesthesia of nitrous oxide and sevoflurane of ≤1 minimum alveolar 

concentration (MAC) and mechanically ventilated to achieve a Paco2 of 40±2 mm Hg on 

arterial blood gas measurement. A Siemens Avanto 1.5 Twhole-body MRI system (Siemens 

Medical Solutions, Malvern, Pennsylvania, USA) was used for CMR. The patient was 

placed in the supine position, head first into the scanner using the six-channel head coil and 

eight-channel body array coil; all imaging were performed at iso-center. Flows of patients in 

the pre-BDG and BDG groups were initially measured on room air; however, after ~20–25 

min, 3%–7% CO2 was administered to create hypercarbic conditions, increasing CBF; this 

lasted 15–20 min, during which time, measurement of flows were repeated. Hypercarbic 

conditions aimed for a Paco2 in the 60 s mm Hg on arterial blood gas. In those who were 3–

9 months after Fontan, only room-air conditions were studied since an arterial line was not 

present to measure arterial blood gases. These studies lasted ~1 h.

 CMR protocol

After localisers, a stack of static steady-state free-precession images of the thorax was 

obtained to assess cardiovascular anatomy and to obtain the exact slice positions and 

orientations for retrospective, ECG-gated phase contrast magnetic resonance, which was 

performed across: (a) right and left jugular veins, (b) SVC and IVC, (c) the aorta or 

neoaorta, (d) DAo at the diaphragm and (e) for those after Fontan, across the right and left 

pulmonary arteries. Multiple excitations were used to offset respiratory motion. Table 1 lists 

the parameters.
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Analysis of flow images was performed on a Siemens Leonardo workstation using Argus. 

The sum jugular flow represented CBF, which has been validated in numerous studies.1617 

APC flow was measured two ways: (a) aorta-(SVC+IVC) flow3 and (b) aorta-(SVC+DAo) 

flow.6 These measures are not interchangeable, and each has its drawbacks (using IVC or 

DAo alone may yield erroneous results because of veno–veno collaterals or APC from the 

abdominal DAo, respectively). If two ventricular outflows were present, each was 

interrogated separately, and the flows summed as aortic output. In pre-BDG patients, the 

difference between aortic and the caval flow sum (or SVC +DAo flow) represented the sum 

of APC flow and the Blalock–Taussig shunt. Because of time considerations, a second 

measure of APC flow (the difference between pulmonary artery and pulmonary venous 

flow) could not be obtained. Including pre-BDG in the study despite the result being the sum 

of APC flow and the Blalock–Taussig shunt was important because whether the source is 

APC or a Blalock–Taussig shunt, the concept of access to the pulmonary bed from the 

systemic circulation may have a bearing on a ‘steal’ phenomenon, decreasing CBF. Patients 

with a Sano shunt or patent main pulmonary artery (small number in this cohort) could not 

be combined with patients who had a Blalock–Taussig shunt for this reason. Those with a 

Sano shunt or patent main pulmonary artery would only have APC calculated in the pre-

BDG group while those with a Blalock–Taussig shunt would have both APC and shunt flow 

measured using the formulas above. Both CBF and APC were indexed to body surface area 

(BSA) as well as to aortic flow (expressed as a per cent to account for redistribution of 

cardiac output; this made sense since it is aortic flow being redistributed between the 

cerebral and pulmonary beds). Fenestration flow in patients after Fontan was calculated as 

SVC+IVC – sum of branch pulmonary arteries).

 Statistics

Descriptive statistics were presented as frequency counts for categorical variables and mean

±SD for normally distributed or median (range) for non-normally distributed continuous 

variables. Mann–Whitney U test was used to compare non-normally distributed variables 

between two groups. The Kruskal–Wallis test (non-parametric one-way analysis of variance 

(ANOVA)) and Dunn’s multiple comparison test or Shapiro–Wilk test and Šidák multiple 

comparison test were used to compare three groups. Simple and multiple linear regression 

models were applied to assess the relationships of aorta-(SVC+IVC) flow and aorta-(SVC

+DAo) with CBF. Models were adjusted for age, cardiopulmonary bypass time, Po2 and 

Pco2. The Fisher r-to-z transformation was used to compare correlation coefficients. 

Sensitivity analyses were applied to examine data points that were outliers. The assessment 

of models via residual analysis showed that the residuals from each model were 

approximately normally distributed based on visual examination of histograms and normal 

probability plots. Statistical significance level was set at p value ≤0.05. Ranksum (Mann–

Whitney U test), dunntest (Dunn’s multiple comparison test), swilk (Shapiro–Wilk 

normality test), oneway (ANOVA), regress (regression analyses), corr (correlation analyses) 

and tabulate (Fisher’s exact test) procedures in Stata V.13.1 (Stata, College Station, Texas, 

USA) were used to conduct the statistical analyses.
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 RESULTS

 Study population

Table 2 delineates the demographics of the 106 patients enrolled divided by surgical stage, 

which were all statistically different from each other with few exceptions. Table 2 also 

provides a breakdown diagnosis as well; over half had hypoplastic left heart syndrome and 

owing to that, the vast majority were functional single RVs. No patient had coarctation of the 

aorta or stenosis of aortic branches. Two patients in the BDG group underwent APC 

embolisation prior to the study.

 Absolute flows in aorta and systemic veins

Table 3 lists the raw flow data used in CBF and APC calculations by surgical stage as well 

as room air and hypercarbia. A significant steady decline on room air aortic flow was noted 

as patients progressed through surgical reconstruction, although no difference was noted 

between pre-BDG and BDG stages during hypercarbia. Significantly higher total jugular, 

IVC and DAo flows on room air as well as hypercarbic conditions were present in the BDG 

group compared with the pre-BDG and Fontan groups. SVC flow on room air was 

significantly lower in the Fontan group when compared with the other two groups. In the 

Fontan group, caval return was 2.6±0.73 L/min/m2, pulmonary artery flow was 2.0±0.7 

L/min/m2 with a calculated fenestration flow of 0.7±0.5L/min/m2 (17% of aortic output).

CBF and APC flows, parsed by surgical stage, are also listed in table 3 on room air and in 

hypercarbia. CBF as a per cent of aortic flow on room air was significantly lower in the pre-

BDG group than in either the BDG or Fontan groups. In hypercarbia, pre-BDG flow was 

similar to BDG flow. APC/shunt flow as a per cent of the aortic flow on room air was 

significantly higher in the pre-BDG group than in the BDG or Fontan groups whether using 

IVC or DAo flow. In hypercarbia, pre-BDG APC/shunt flow was also significantly higher 

than BDG flow again whether using IVC or DAo flow.

 Correlation between CBF and APC

Figures 1 and 2 graphically depict the relationship between CBF and APC/shunt as a group 

and divided by surgical stage, respectively. A significant inverse correlation existed between 

CBF and APC in the entire cohort as well as each surgical stage whether under room air or 

hypercarbia. On room air, correlations between stages did not differ (p=0.06–0.29); however, 

under hypercarbia, the correlation was significantly higher for pre-BDG than for the BDG 

(p≤0.001). This inverse relationship was stronger under hypercarbia than room air for the 

pre-BDG group. The correlation was independent of age, cardiopulmonary bypass time, Po2 

and Pco2 with the exception of the Fontan stage on room air (significant with linear 

regression and not significant after adjusting for age and cardiopulmonary bypass time) and 

the BDG in hypercarbia (significant with linear regression and significant with multiple 

linear regression after adjusting for age, Po2 and Pco2).

Table 4 lists the correlation coefficients when determining the relationship of the absolute 

amount of CBF compared with APC flow (as a per cent of aortic flow) for each stage as well 

as the entire cohort. R values, which were all significant, varied between −0.37 and −0.68.
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 DISCUSSION

The major finding of this subanalysis was a significant inverse correlation between CBF and 

APC/shunt flow, whether CBF was indexed to aortic flow or BSA under conditions of room 

air or hypercarbia, at each stage of surgical reconstruction. This suggests a redistribution of 

flow and ‘steal’ phenomenon whereby runoff into the pulmonary bed diverts blood away 

from the cerebral circulation. This inverse relationship was stronger in pre-BDG partly due 

to the surgically created aortic-to-pulmonary shunt; this assertion is supported by the lower 

indexed CBF and higher APC/shunt flow in pre-BDG patients than in those after BDG or 3–

9 months after Fontan. To put normal APC flow into perspective, in a control group from our 

institution consisting of two-ventricle patients with either arch anomalies and no prior 

surgery or postoperative patients with no known shunts, APC flow was 0.18±0.18 L/min/m2, 

which is 5±5% of aortic flow.3

This study also noted a steady decline in aortic output as patients progressed through 

surgical reconstruction; nevertheless, aortic output equalised between pre-BDG and BDG 

patients during hypercarbia (both rising), consistent with relaxation of the cerebral and 

systemic vascular bed. CBF and APC/shunt flow were indexed to aortic flow since aortic 

output was the blood pool being redistributed. CBF indexed to BSA, however, is also 

important in cerebral development, and its relationship with APC/shunt flow was also 

investigated.

Absolute jugular flows were higher in BDG patients than pre-BDG patients as the BDG 

connection places the cerebral and lower resistance pulmonary vascular beds exclusively in 

series with each other, increasing CBF. IVC and DAo flows were also higher in BDG 

patients than pre-BDG patients as there was less APC/shunt flow in the BDG to divert blood 

from CBF.

Hypercarbia relaxes the cerebral and systemic vascular bed, increasing CBF in normal 

individuals. The increase in aortic output and Po2 in pre-BDG is also partially related to that. 

Increased Pco2 also increases pulmonary vascular resistance, decreasing APC flow and 

indirectly affecting CBF, especially in the BDG stage. In pre-BDG patients, the CBF–APC 

curve in hypercarbia is shifted upwards when compared with the room air consistent with 

increased CBF at all levels of APC/shunt. The hypercarbia curve, however, also has an 

increased negative slope compared with room air, indicating that hypercarbia increases 

pulmonary vascular resistance less than the decrease in cerebral vascular resistance in the 

delicate balancing act between the two. In BDG patients, however, hypercarbia does not 

shift the curve upwards, but instead is nearly identical to room air, demonstrating the 

decreased cerebral vascular resistance is offset by the increased pulmonary vascular 

resistance with increased Pco2. The effects of hypercarbia on CBF relative to APC/shunt 

between stages may be either age related or the difference in physiology; pre-BDG, CBF 

and pulmonary blood flow are in parallel whereas in the BDG stage, CBF is in series with 

pulmonary blood flow and in parallel with pulmonary blood flow via APC vessels.

As SVC flow is similar to total jugular flow (CBF) and is used in APC/shunt flow 

calculations, correlation of CBF and APC/shunt flow may be expected. Two major 
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considerations, however, make the association unlikely. The SVC accepts variable amounts 

of flow from the scalp, cranium and upper extremities in children, making it not comparable 

with CBF. Indeed, table 3 demonstrates 0.2–0.6 L/min/m2 higher SVC flow than total 

jugular flow. In addition, the APC flow equation has IVC and DAo flow as independent 

variables; APC flow, therefore, can affect IVC and DAo flow and leave CBF unchanged.

It has been known for many years that APCs are present in single ventricles);18 however, 

there is debate regarding their clinical impact.19 Recently, CMR has evolved to accurately 

quantify APC flow,36 demonstrating associations with age, ventricular function20 and 

clinical outcomes (eg, hospital stay and pleural effusions).421 Presumably, APC flow may 

also divert variable amounts of blood from other organs, including the coronaries. 

Interventions on APCs pharmacologically15 and via catheter5 can decrease APC flow, which 

may potentially be useful in affecting the patient’s neurodevelopmental outcome.

The inverse relationship between APC and CBF suggests an adverse relationship, possibly 

leading to poor neurodevelopment. It also suggests, however, that manipulating APC flow 

via catheter5 or pharmacology15 may mitigate these effects. CBF is related to intelligence in 

adults1322 and cognitive function in children.1423 For example, a study by Ley et al14 

measured fetal aortic blood flow velocities and intellectual ability at 6.5 years of age 

(presuming aortic flow an indirect measure of CBF). Verbal and global IQ scores were lower 

in patients with reduced fetal aortic flow. They concluded that abnormal fetal aortic velocity 

both independently and in combination with other factors was a significant predictor of 

impaired intellectual outcome. Lou et al23 demonstrated that neonatal CBF measurements 

correlated with neuropsychological testing at ages 9–10. In a larger study of preterm infants, 

Hunt et al24 demonstrated that low SVC flow was associated with an abnormal 

developmental quotient (p=0.006). Even in a mixture of patients with congenital heart 

disease such as tetralogy of Fallot, d-transposition of the great arteries and isolated 

ventricular septal defects, Cheng et al25 noted that decreased CBF velocities were associated 

with poorer developmental testing. Therefore, altering APC flow holds the possibility of 

altering CBF, which in turn may ultimately lead to better neurocognitive outcomes.

 LIMITATIONS

Because of time limitations, APC flow could not be teased out from Blalock–Taussig shunt 

flow; that would have required measuring branch pulmonary artery and the pulmonary 

venous flow adding more time onto scanning. This, however, does not negate the findings of 

this investigation; whether the source is APC or a Blalock–Taussig shunt, systemic-to-

pulmonary flow has an inverse relationship with CBF and the concept of a ‘steal’ when the 

pulmonary bed has direct access to the systemic circulation. This study also did not 

investigate the relationship of APCs with other organ systems, but it at least suggests that 

those organ systems may also be at risk for hypoperfusion.

In addition, because of time limitations, a second measure of APC flow (ie, difference in 

pulmonary artery and pulmonary venous flow) was not able to be obtained; nevertheless, it 

has been noted in other studies that both measures of APC flow were nearly identical.36
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Multiple studies have used CBF velocities2526 or SVC flow indexed to weight24 when 

correlating CBF with neurological outcome. As one measure, our study used indexed CBF-

to-aortic flow since aortic flow is the blood pool which is being distributed between brain 

and APC/shunt. It would be interesting to examine cerebral oxygen delivery relative to APC/

shunt, and this will be the subject of a future investigation.

Jugular flow does not purely measure CBF as it contains a small amount of non-brain head 

and neck flow. However, jugular flow has been validated as a true measure of CBF.1617 In 

addition, our own laboratory has correlated this technique with spectroscopy.27

This study did not relate manipulating APC with CBF or the relationship of this 

manipulation with neurodevelopment. A larger prospective trial would be necessary to prove 

this speculation.

 CONCLUSION

There is a strong inverse relationship between CBF and APC/shunt flow in patients with 

single ventricle throughout surgical reconstruction, which is present on room air and in 

hypercarbia. This relationship is independent of age, cardiopulmonary bypass time, Po2 and 

Pco2. Because pre-BDG patients have higher APC/shunt flow, their CBF is lower at the 

other two stages. We speculate that this may have a negative impact on cerebral development 

and neurodevelopmental outcome. In addition, we speculate that interventions on APC may 

be able to modify CBF, holding out the prospect for improving the trajectory of 

neurodevelopmental outcome.
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Key messages

What is already known on this subject?

Aortic-to-pulmonary collaterals (APCs) are known to develop in patients with single 

ventricles who also have less than optimal neurodevelopmental outcomes. Cerebral blood 

flow (CBF) has been linked to poor cognitive development.

What might this study add?

It is unclear how APC flow affects CBF, which in turn may affect neurodevelopment; this 

study provides that link.

How might this impact on clinical practice?

Because APCs may be abolished by embolisation in the cardiac catheterisation 

laboratory, a link between that flow and CBF may contribute to the decision to embolise 

these collaterals.
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Figure 1. 
Relationship between CBF and APC flow indexed to aortic output in the entire cohort. Note 

the inverse correlation between CBF and APC flow on room air whether APC flow 

calculated by either IVC (A) or DAo flow (B). Ao=aorta; APC, aortic-to-pulmonary 

collateral; CBF, cerebral blood flow; DAo, descending aorta; IVC, inferior vena cava; Jug, 

jugular; Pulm, pulmonary; RA, room air.
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Figure 2. 
Relationship between CBF and APC flow indexed to aortic output in the entire cohort. Pre-

BDG (A), after BDG (B), after Fontan (C). IVC is used for top figure and DAo is used in 

bottom figure. Note the inverse correlation between CBF and APC flow at all stages. This 

remains true whether on room air (solid line, boxes) or in hypercarbia (dashed line, cross-

hatch). Ao, aorta; APC, aortic-to-pulmonary collateral; BDG, bidirectional Glenn; CBF, 

cerebral blood flow; CO2, carbon dioxide; DAo, descending aorta; IVC, inferior vena cava; 

RA, room air.
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Table 1

Parameters used in phase contrast magnetic resonance

TR (ms) 2.8–3.9

TE (ms) 1.3–2.8

Field of view (cm) 180–260

Slice thickness (mm) 4–5

Flip angle (degrees) 25

VENC (cm/s) 60–90 for venous flow, 150–200 for aorta

Number of phases across cardiac cycle 20–30, depending upon heart rate

Bandwidth (Hz/pixel) 375

TE, echo time; TR, repetition time; VENC, velocity encoding.
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