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Collaterals



Do collaterals matter?

HARM NO EFFECT BENEFIT?



Practice variation

• No association between practice of pre-Fontan 

embolization and post-op LOS or late outcomes



Some clarity, maybe?



Stage 2 physiology

Qcoll_syst = 

QAo – (QSVC + QIVC)

Qcoll_pulm = 

(QRPV + QLPV) – (QRPA + QLPA)

Qcoll = 

(Qcoll_syst + Qcoll_pulm) / 2



The new gold standard?

• Physiologic

• Non-invasive

• Fully 

quantitative

Spicer Grading

Am Heart J 1996;131:1164-8
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Outline

• Natural adaptation?
– Risk factors for CollF

– “Natural” history of CollF

– Investigating mechanistic basis

• Harmful development?
– Hemodynamic importance

– Associations with post-Fontan outcomes

– Role of collateral embolization



Natural adaptation?

Risk factors for collateral flow



Risk Factors

• AIM: to identify factors associated with CollF as measured by CMR in a 
large cross-section of Glenn patients

• Detailed retrospective review of all events from birth to time of study CMR 
for all Glenn patients who had CollF quantified by CMR

• Tested associations between candidate risk factors and CollF as measured 
by CMR



Results, Glenn patients (n=96)

rho=0.33, p=0.002



Conclusions

• Among superior CPC patients, CollF is associated with:

– Indicators of peri-operative morbidity and pleural inflammation

– History of prior BT shunt

– Being female

• These data support hypotheses:

– Perioperative morbidity and pleural inflammation play a role in 
CollF development

– There are likely important factors (genetic, etc) influencing 
CollF development that are poorly understood



Natural adaptation?

“Natural” history of collateral flow



“Natural” history of collateral flow

• Description of CollF in a large cross-section of Glenn and Fontan 
patients, including a subset with longitudinal data

• 250 CMR studies in 219 single ventricle patients

• 115 Glenn, 135 Fontan, 31 patients with studies both before and 
after Fontan
– 18 controls



“Natural” history late after Fontan



Results, serial data
SCPC TCPC p-value

n 31 31

Age (years) 2.9±1.3 4.0±1.3

Time from TCPC (years) -0.37±0.5 0.62±0.3

QAo (L/min/m2) 4.6±0.7 4.4±1.0 p=0.13

Qcoll (L/min/m2) 1.5±0.7 1.7±1.0 p=0.09

Qcoll/QAo x100 (%) 31±13 37±17 p=0.02

Qcoll/QP  x100 (%) 45±17 41±18 p=0.15

QP (L/min/m2) 3.2±0.7 4.0±1.0 p<0.001

QS (L/min/m2) 3.2±0.7 2.8±0.8 p=0.002

QPA (L/min/m2) 1.7±0.6 2.2±0.8 p<0.001

QP / QS 1.1±0.4 1.5±0.6 p<0.001

Right to Left Shunt (L/min/m2) 1.5±0.5 0.5±0.4 p<0.001



Natural adaptation?

Investigating mechanistic basis



Mechanistic approach

• “Determining the molecular signals involved in the 
growth and development of systemic-pulmonary 
arterial collateral vessels in children with single 
ventricle heart disease”

• Collaboration with Carlo Bartoli MD PhD, University 
of Pennsylvania

• Supported in part by:
– Congenital Heart Disease Coalition

– Big Hearts to Little Hearts



Mechanistic approach

• Von Willebrand factor (vWF) major regulatory role in 
angiogenesis through VEGF pathway
– Degradation of vWF into multimers by protease, ADAMTS-13, 

produced by hepatic stellate cells

– Influenced by blood flow conditions

– Angiodysplasia observed in patients with non-pulsatile 
ventricular assist devices

• Hypothesis: Glenn patients have abnormal circulating 
vWF profiles putting them at risk for angiodysplasia



Mechanistic approach

• Study objectives:
– From various blood compartments of Glenn patients, characterize:

• vWF multimer profile

• ADAMTS-13 activity

• Platelet activity

• Profile of other angiogenic signaling molecules

– Correlate angiogenic profiles with:

• Collateral flow as measured by CMR

• Hemodynamics at catheterization

• Clinical outcomes following Fontan



Harmful development?

Hemodynamic importance



Collaterals as a volume load



Collaterals and the Fick principle

• 30 Glenn patients with combined MRI/cath

• Compared MRI and cath-measures of flows



Cath underestimates QP



Cath overestimates QS



Cath underestimates QP:QS and 
overestimates PVR



Harmful development?

Associations with post-Fontan 

outcomes



Collaterals and outcomes

• Retrospective review of 44 patients who had surgical 
Fontan completion between May 1, 2008 and 
September 30, 2010 who also had a CMR performed 
prior to the operation



Collaterals and outcomes

y = e^(1.87 + 1.63x); rho = 0.31, p = 0.04
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Collaterals and outcomes

Chest tube ≥ 10d Hospitalization ≥ 7d Hospitalization ≥ 14d

OR* p OR* p OR* p

Qcoll 22.7 (2.2,239) 0.009 9.2 (1.4,61) 0.02 1.46 (0.6,3.3) 0.4

Qcoll/QAo 1.24 (1.06,1.4) 0.007 1.09 (1,1.2) 0.048 1.06 (0.99,1.14) 0.1

Qcoll/QPV 1.18 (1.05,1.34) 0.006 1.07 (1,1.14) 0.048 1.04 (0.98,1.09) 0.17

*From logistic regression, adjusted for presence of a fenestration and Fontan type (extra-cardiac conduit v. intra-

atrial lateral tunnel); Qcoll = systemic-pulmonary collateral flow; QAo = aortic flow; QPV = pulmonary venous flow



Collaterals and outcomes

• 24 patients with CollF measured by 

CMR prior to Fontan

• Significant correlations between 

CollF and: duration of pleural 

drainage and hospital LOS
JTCVS 2012;144:1329-36

Heart 2012;98:934-40

• 41 patients with CollF measured by 

CMR prior to Fontan

• Significant correlations between 

CollF and: chest drain volume, chest 

drain duration, and ICU and hospital 

LOS



Harmful development?

Role of collateral embolization



Efficacy of embolization

• 6 Glenn patients with CMR immediately before 

and after embolization



Acute efficacy of embolization



Durability

• Has not been reliably 

demonstrated

• Anecdotally, not 

necessarily…



Outcomes

• Clinically relevant outcomes are “dirty”

• Short-term outcomes are easiest target

– Duration of effusions, length of stay

• Effect on longer-term outcomes is more complicated

– Associations demonstrated between post-Fontan duration of 

effusions/LOS and longer-term mortality

• Hirsch et al., Ann Surg 2008;248(3):402-10

• Downing et al., presented at AATS 2015



Children’s Heart Foundation study

• Prospective observational study

• Specific Aims:
• Specific Aim 1: To determine the acute efficacy of SPC 

embolization on reducing collateral flow in Glenn patients as 

measured by CMR.

• Specific Aim 2: To determine the durability of reduction in 

SPC flow after embolization.

• Specific Aim 3: To determine the effect of SPC embolization 

on acute post-Fontan clinical outcomes. 



Study design

Clinical 

MRI to 

quantify 

CollF

Cath w/ 

embolization

Study 

MRI to 

quantify 

CollF

Study 

MRI to 

quantify 

CollF

Fontan

operation

Single anesthetic Single anesthetic

AIM 1:

Acute efficacy

AIM 2:

Durability

AIM 3:

Outcomes



Conceptual Model

Born 

with 1V
Stage 1 Stage 2 Fontan

Genetic predisposition? Pleural trauma, inflammation

Hypoxemia, low effective QP

Time

C
o

ll
F

Higher saturation, 

more effective QP

Embolization

Threshold for prolonged pleural drainage, 

?improved longer-term outcomes



Conclusions
• With CMR, we now have a way to objectively study collateral 

flow
• Collaterals are ubiquitous in single ventricle patients

– Natural adaption to the physiology and surgical course imposed upon them

• Variability is not well understood
– Genetic, angiogenic signaling pathways?

• Collateral flow can have a significant hemodynamic impact

• Collateral flow may affect short term post-Fontan outcomes
– May be a modifiable risk factor

• Ongoing prospective studies may help clarify role of 
embolization



The original question

• Natural adaptation?

• Or harmful development?

YES!

YES!



Thank you



Results, Glenn patients (n=96)
Table 2a. Correlation between potential risk factors and CollF measures

Risk factor
CollF CollF / Ao flow CollF / PV flow

rho p rho p rho p

Total ventilator days 0.24 0.03 0.29 0.008 0.37 0.0007

Total ICU days 0.23 0.04 0.29 0.008 0.39 0.0003

Total hospital days 0.25 0.02 0.33 0.002 0.39 0.0003

Total chest tube days 0.21 0.04 0.24 0.02 0.2 0.05

O2 sat at Stage 2 discharge 0.22 0.04 0.19 0.06 0.06 0.57

�No associations found with hemoglobin, pulmonary artery size, pre-Stage 2 cath

variables, or Stage 2 surgical support times.



Results, cross-sectional data
SCPC TCPC p 

(SCPC vs.

TCPC)

Controls p

(SCPC 

vs. Ctrl) 

p

(TCPC vs. 

Ctrl)

n 115 135 18

Age (years) 2.6±1.2 12.2±8.8 <0.001 10.1±7.4 <0.001 1.0

BSA (m2) 0.53±0.10 1.16±0.51 <0.001 1.05±0.49 <0.001 1.0

QAo (L/min/m2) 4.85±1.1 3.61±1.0 <0.001 3.9±0.9 0.007 1.0

Qcoll (L/min/m2) 1.64±0.8 1.03±0.8 <0.001 0.21±0.27 <0.001 <0.001 

100xQcoll/QAo (%) 34%±12% 26%±15% <0.001 5%±6% <0.001 <0.001 

100xQcoll/QP (%) 48%±17% 29%±17% <0.001 5%±5% <0.001 <0.001

QP (L/min/m2) 3.4±0.9 3.3±0.8 1.0 4.1±1.0 0.006 0.005

QS (L/min/m2) 3.2±0.9 2.6±0.6 <0.001 3.7±0.8 0.11 <0.001

QPA (L/min/m2) 1.7±0.6 2.3±0.6 <0.001 3.9±0.9 <0.001 <0.001

QP / QS 1.10±0.3 1.31±0.40 <0.001 1.13±0.2 1.0 0.20



p = 0.008

p = 0.01
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Collaterals and outcomes


