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Abstract

Background—Single ventricle lesions are associated with gradual attrition following surgical 

palliation with the total cavopulmonary connection (TCPC). Ventricular dysfunction is frequently 

noted, particularly impaired diastolic performance. This study seeks to relate TCPC hemodynamic 

energy losses to single ventricle volumes and filling characteristics.

Methods—Cardiac magnetic resonance (CMR) data were retrospectively analyzed for 30 single 

ventricle patients at an average age of 12.7 ± 4.8 years. Cine ventricular short axis scans were 

semi-automatically segmented for all cardiac phases. Ventricular volumes, ejection fraction, peak 

filling rate, peak ejection rate, and time to peak filling were calculated. Corresponding patient-

specific TCPC geometry was acquired from a stack of transverse CMR images; relevant flow rates 

were segmented from through-plane phase contrast CMR data at TCPC inlets and outlets. TCPC 

indexed power loss was calculated from computational fluid dynamics simulations using a 

validated custom solver. Time-averaged flow conditions and rigid vessel walls were assumed in 

all cases. Pearson correlations were used to detect relationships between variables, with p<0.05 

considered significant.

Results—Ventricular end diastolic (R = −0.48) and stroke volumes (R = −0.37) had significant 

negative correlations with the natural logarithm of a flow-independent measure of power loss. 

This power loss measure also had a significant positive relationship to time to peak filling rate 

(normalized to cycle time; R=0.67).
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Conclusions—Flow-independent TCPC power loss is inversely related with ventricular end 

diastolic and stroke volumes. Elevated power losses may contribute to impaired diastolic filling 

and limited preload reserve in single ventricle patients.
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INTRODUCTION

In the present era, operative mortality of the Fontan procedure for single ventricle heart 

defects is low but shortened life expectancy is a significant problem(1). The contributions of 

ventricular dysfunction to these outcomes is well understood. Decreased systolic 

performance in the forms of reduced cardiac index(2) and ejection fraction(3) have been 

widely reported. More recently, appreciation for the incidence and importance of impaired 

diastolic performance has also grown. Anderson et al. reported abnormal diastolic function 

in 72% of a 500 patient cohort(4), while Cheung et al. found reduced ventricular relaxation 

times via echocardiography that are suggestive of reduced compliance(5).

While fundamental deficiencies in myocardial structure may be central to this impaired 

diastolic performance, the effect of altered vascular function may also play a role. Limited 

preload reserve and reduced ventricular filling with increasing heart rate(6) are prime 

examples of such interactions. In this setting, the potential contributions of the total 

cavopulmonary connection (TCPC), the surgical palliation for single ventricle defects, are 

not well understood. The hemodynamics of this connection have been the focus of a large 

volume of research (7-11) with the general hypothesis that inefficient and sub-optimal flow 

patterns would have negative implications for broader cardiovascular health and function. 

While insightful, these studies have mostly been performed in isolation (i.e., focused only on 

the TCPC) and not inclusive of broader physiologic end points against which TCPC 

hemodynamics could be compared to further advance understanding. For example, no study 

to date has evaluated the associations between TCPC hemodynamics and single ventricle 

function based on patient data.

In this study, we analyzed concurrent data for ventricular function and patient-specific 

TCPC power loss, one important component of the hemodynamic profile, using image-based 

computational fluid dynamics (CFD) simulations(9, 12) for a group of single ventricle 

patients after the Fontan procedure. We hypothesize that elevated TCPC power losses are 

associated with impaired ventricular filling and volumes.

PATIENTS AND METHODS

Patient Selection

Forty-four consecutive single ventricle patients from the NIH-supported Georgia Tech-

Children’s Hospital of Philadelphia Fontan Cardiac Magnetic Resonance database were 

selected for analysis on the basis of the retrospective availability of (1) a ventricular short 

axis cine image stack spanning the entire ventricular volume, (2) a transverse stack of 
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steady-state free precession images through the thorax, and (3) cross-sectional through plane 

phase contrast magnetic resonance acquisitions at all TCPC inlets and outlets. The data from 

(1) were used to quantify ventricular function, (2) was used to create a patient-specific 

TCPC model and (3) are the needed inputs for computational fluid dynamics simulations to 

assess local TCPC hemodynamics. All images were acquired on a 1.5-T Siemens Magnetom 

Avanto (Siemens Medical Systems). The imaging details are provided in Table 1. The 

Institutional Review Boards at the Children’s Hospital of Philadelphia and Georgia Tech 

approved the study, and informed consent was obtained for each patient.

Ventricular Segmentation

Semi-automatic segmentation of the ventricular cavity was performed at Georgia Tech using 

an in-house algorithm implemented in Matlab (The Mathworks, Inc., Natick, MA) and based 

on active contours. An endocardial contour was initialized on the first phase (end diastole) 

for a given slice and propagated through the rest of the cine set. Manual corrections were 

made as necessary to ensure a visually appropriate segmentation. Papillary muscles were 

included in the blood pool. Once the stack was entirely segmented, the ventricular volume of 

each cardiac phase was calculated by summing the products of the cross-sectional areas and 

slice thicknesses. These measurements were used to derive ventricular volumes, ejection 

fraction, and cardiac output. Additionally, a smooth ventricular volume vs. time curve was 

generated using a Fourier curve fitting analysis with the use of 3 harmonics(13); the first 

derivative of this curve was then computed to derive the maximum time rates of volume 

change (i.e., peak ejection rate and peak filling rate(6)), and time to peak filling rate (from 

end systole). The peak filling and ejection rates are presented normalized by end diastolic 

volume [s−1]. Time to peak filling rate was normalized to cardiac cycle time and reported as 

a ‘time ratio’(14).

To verify the precision of the segmented volumes, inter- and intra-observer variability was 

assessed on a select number of patient data sets. For inter-observer variability, another 

expert user separately segmented the end diastolic and end systolic phases for eight patients. 

For intra-observer variability, segmentations for five patients were repeated by the same user 

7-8 months following the initial analysis.

TCPC Hemodynamic Assessment

Computational fluid dynamics models are the current standard for quantifying TCPC flow 

associated energetics(9, 14, 15) because of their excellent spatial resolution and their ability 

to robustly handle patient-specific connections. In this study, hemodynamics through the 

TCPC were assessed using a validated(12, 16) in-house computational fluid solver based on 

the hybrid Cartesian immersed boundary method(17). The transverse abdominal image stack 

and through-plane phase contrast magnetic resonance imaging data were used to provide the 

anatomic(18) and patient-specific flow(19) boundary conditions, respectively, needed to 

perform the computational simulations (see Figure 1). Since the primary CFD end point was 

a representative, time-averaged measure of power loss, the patient-specific simulations 

assumed time-averaged boundary conditions based on the phase contrast CMR data 

measured for each vessel and for each patient. Recent studies have demonstrated that this 

approach yields power loss estimates with acceptable limits of agreement compared to 
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simulations with time-varying boundary conditions(20). The inlets were artificially extended 

by 1 cm and a flat velocity profile was imposed at the extended inlets to ensure partially 

developed flow (as would be expected physiologically) at the entrance to the domain of 

interest. The outlets were similarly extended by 5 cm to prevent flow reversal in the 

computations, and flow boundary conditions were imposed based on the ratio of measured 

vessel flow to total pulmonary arterial flow. The governing fluid mechanics equations were 

solved in their complete unsteady formulation assuming blood to be a Newtonian fluid of 

constant viscosity (3.71 kg·m−1·s−1) and density (1060 kg·m−3). Vessel walls were assumed 

to be rigid, which is consistent with the assumption of time-averaged flow.

The primary end point was the time-averaged power loss (PL) through the connection, 

calculated as:

where p is the static pressure, ρ is density, A is vessel area, and v the velocity. Because 

power loss is highly dependent on the flow rate, a flow-independent power loss index was 

computed:

where Q is systemic venous flow rate and BSA is the body surface area. Just as the cardiac 

index is a body size-independent measure of ventricular output, this index, which was 

previously derived using an established engineering method of dimensional analysis(21), is 

a flow-independent index of TCPC power loss (iPL).

Statistical Analysis

Statistical analyses were performed using SPSS (IBM, Inc., Armonk, NY). Pearson’s R was 

used for correlations between functional variables; partial correlation was used, as needed, 

to correct for the confounding effects of other independent variables. P-values less than 0.05 

were considered statistically significant in all cases. The analysis presented here is 

exploratory in nature, and thus no adjustments to p-value thresholds were made for potential 

inflation of Type I error due to multiple comparisons. The inter- and intra-user reliability 

were assessed using a two-way random intra-class correlation (ICC) model and the 

coefficient of variation.

RESULTS

Data Summary

Of the originally identified 44 patients, 14 patient data sets were excluded on the bases of 

semilunar valve regurgitation (>1 L/min by phase contrast measurement; n=4), mixed 
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ventricular morphology (n=6); severe image artifacts (n=3) or an incomplete data set (n=1). 

Hence, the final study group consisted of 30 patient data sets (22 males, 8 females). The 

average age for these patients was 12.7 ± 4.8 years and average body surface area was 1.30 

± 0.38 m2. In 13 cases, the single ventricle had left ventricular morphology, 17 had a right 

ventricular morphology. Furthermore, 25 patients had an intra-atrial Fontan connection, 

while 5 had an extracardiac. In general, all patients were ambulatory, free from significant 

arrhythmias, and were classified in NYHA Class I or II. Given the relatively small numbers 

in each of these sub-categories, no separate analyses were performed on the bases of 

ventricular morphology; however, in these patients, there were no differences in ventricular 

volumes or ejection fraction between single left and single right ventricles (data not shown).

The ventricular volume data for all 30 patients are presented in Table 2. All volumes were 

normalized by body surface area to correct for patient size differences. Based on the ejection 

fraction (56.4 ± 8.9%) and cardiac index (defined as the ventricular output indexed to body 

surface area, 3.2 ± 0.9 liters/minute/meter2), the systolic performance of these patients was 

generally preserved(4). The time rate of volume changes and associated time to peak filling 

are also summarized in Table 2.

Figure 2 shows examples of the output from CFD simulations of the TCPC connections with 

the lowest (2A) and highest (2B) values for the flow-independent power loss index recorded 

across the patient subset. Figure 2B in particular highlights a case in which the transition 

from a constricted Fontan pathway to a dilated connection creates a high velocity jet and 

complex recirculating flow patterns, all of which contribute to high calculated indexed 

power losses (0.122). In the entire cohort, the iPL ranged from 0.010-0.122 with a median 

value of 0.035.

Variable Correlates

Table 3 shows the correlations of ventricular function with the natural logarithm of iPL 

(based on the visual goodness-of-fit of the data). Statistically significant moderate negative 

correlations were identified between iPL and ventricular volumes (see Figure 3) and the time 

to peak filling rate. After controlling for end diastolic volume with partial correlation, 

associations of iPL with end systolic and stroke volumes were no longer observed.

Reproducibility

The inter-observer variability was assessed using a two-way random intra-class correlation 

model and combining the independent measures of end diastolic and end systolic volumes 

for the respective comparisons. These results are summarized in Table 4, along with the 

coefficient of variation for each variable. All results demonstrated good reproducibility, with 

all coefficients of variation ≤13%. The end diastolic comparisons had the lowest variability, 

while the stroke volume had the highest variability (compounding effects of individual 

errors in the individual volume measurements). Furthermore, the intra-class correlation 

coefficient for both inter- and intra-observer measures was >0.9, indicating excellent 

reliability in the results.
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COMMENT

Numerous studies have focused on single ventricle mechanics and function as a means to 

better understand and manage Fontan physiology. The general consensus from these works 

is that single ventricles post-Fontan experience both systolic and diastolic myocardial 

dysfunction concurrent with altered arterial and venous hemodynamics and potential 

disruption of electrical conduction(22); in some cases these findings have been related to 

increased mortality(13). The novelty of this study is the explicit comparison of TCPC power 

loss to parameters of ventricular function assessed by CMR. While it has been hypothesized 

that an inefficient TCPC could negatively impact the function and long-term cardiovascular 

health of the single ventricle, evidence to support such ideas has been lacking. This study 

therefore represents a novel contribution as the first concurrent characterization and 

comparison of ventricular function and TCPC power loss in single ventricle patients.

In support of the stated hypothesis, the primary findings from this study are the moderate 

negative correlations of flow-independent power loss with end diastolic volume and stroke 

volume, and the positive association of power loss with time to the peak ventricular filling 

rate. Collectively, these findings provide compelling evidence that sub-optimal TCPC 

geometry and adverse hemodynamics may negatively impact ventricular filling and preload. 

With a higher power loss, there is less ventricular preload, translating to a lower stroke 

volume which may lead to a decreased cardiac index. Importantly, these associations were 

observed in generally healthy single ventricle patients under baseline resting conditions, 

when power loss may be relatively low. Since power loss is known to increase significantly 

with exercise, the strength and relevance of these associations may be greater under more 

representative conditions of physiologic exertion. Thus, as impaired diastolic performance is 

a frequent complication in Fontan physiology(4), these data suggest that the surgically 

created TCPC may be among the contributing factors if its design creates elevated power 

loss.

In the absence of a pulmonary pumping chamber, the central venous pressure is the driving 

pressure for the pulmonary circuit in Fontan physiology. The resistance downstream of this 

head pressure (i.e., between the central veins and the single ventricle) is the sum total of the 

TCPC, the pulmonary vasculature (both artery and vein), the atrium, and the atrioventricular 

valve resistances. Theoretically, if the resistance of any of these individual elements is 

elevated, such as the TCPC, at least one or more of these components must decrease to 

compensate or the filling of the ventricle is reduced(23). This cascading mechanism of 

deleterious TCPC effects is consistent with the present data and our previous findings of an 

inverse relationship between power loss and systemic venous flow rate(20). Conversely, a 

recent study found that increased end diastolic volume was an independent predictor of 

decreased late survival in single ventricle patients(13). This finding could represent a 

separate mode of Fontan failure that is consistent with systolic dysfunction or chronic 

volume overload than preload and filling restrictions.

In contrast to the present findings, recent efforts at multi-scale modeling of the Fontan 

connection and single ventricle physiology have reported no effect of TCPC power loss on 

single ventricle function(24). These studies relied on a limited number of subjects and 
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focused solely on the acute peri-operative physiology, which is not inclusive of substantial 

systemic venous remodeling that is known to occur(25). The reported lack of an association 

in those models may therefore be reflective of those limitations rather than a true 

representation of chronic Fontan physiology. By comparison, a lumped parameter modeling 

study relying on data from a larger and older patient group also demonstrated an effect of 

TCPC power loss on ventricular preload(26), which agrees well with the present findings of 

ventricular function directly measured using cardiac magnetic resonance imaging.

We therefore believe that these data provide sufficient evidence that continued 

investigations into TCPC hemodynamics and power losses and their connection with 

ventricular function and clinical outcome are warranted. Replication of these findings in a 

larger prospective cohort and relating elevated flow-independent power losses to poorer 

long-term outcomes are needed to ultimately confirm the study hypothesis. If true, then 

minimizing power losses at a patient specific level would help optimize ventricular filling 

and preload and maintain cardiac output over the long term. Investigations into Fontan 

surgical planning(27, 28) and the novel Fontan Y-Graft procedure(29, 30) are two forward-

looking possibilities for achieving these goals.

This work is subject to several limitations. Time-averaged flow conditions and rigid vessel 

walls were assumed for CFD, which may introduce a small quantitative bias in the results 

compared to actual physiologic values. This simplification was necessitated by the lack of 

sufficient data in all cases to add factors like respiration into the models. Fenestration flow, 

if present, was systematically ignored, but since it has previously been shown to account for 

less than 10% of systemic flow(20), that assumption is acceptable.

Since patient-specific flow measurements were used to inform these outflow boundary 

conditions, only relative differences in patient-specific pulmonary vascular resistances 

between the left and right pulmonary circuits are accounted for in the model. Magnitude 

differences in pulmonary vascular resistance among patients are not included in this model 

and thus represent a separate and independent variable from the reported power loss that 

also influences ventricular filling and preload. Future work will need to evaluate the relative 

impacts of pulmonary vascular resistance and TCPC power loss on the ventricle.

The effects of aortic to pulmonary collateral flow on ventricular function and its effect on 

iPL was not investigated in this study. The result of this collateral flow is volume loading 

the ventricle and therefore represents a co-variate in this study; if anything, taking this factor 

into account might strengthen the association between iPL and ventricular function and 

therefore, we feel that our conclusions are valid.

In conclusion, elevated flow-independent TCPC power losses are associated with decreased 

ventricular volumes, most notably end diastolic and stroke volumes, and increased time to 

peak ventricular filling. These findings are important given the fact that the single ventricle 

output is largely mediated by preload(31), which is typically reserve limited(6), as well as 

the prevalence of impaired diastolic performance among the single ventricle population(4). 

While it is not suggested that the TCPC is the primary factor or mediator of these problems, 
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TCPC hemodynamics can be controlled via surgical intervention, thus providing at least one 

way to actively pursue better long term outcomes.
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Figure 1. 
Imaging inputs required for TCPC computational fluid dynamics simulations: transverse 

stack of MR images for anatomic reconstruction and through-plane phase contrast MR 

images to obtain patient-specific flow boundary conditions.
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Figure 2. 
Representative output for computational fluid dynamics simulations showing time averaged 

velocity streamlines and iPL for the A) lowest and B) highest power loss patients from 

among the patients analyzed. In the larger figures, the streamlines are color-coded by local 

velocity magnitude, while the streamlines in the inset images are color-coded by vessel of 

origin: red- superior vena cava; blue- inferior vena cava; green- azygos vein.
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Figure 3. 
Statistically significant logarithmic correlations observed between indexed power loss and 

end diastolic volume (EDV).
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Table 1

Cardiac magnetic resonance imaging detail (mean ± st. dev.) for ventricular function, TCPC anatomy and 

velocity acquisitions

Ventricular
short axis cine

stack

Transverse
Thoracic stack

Through-plane
phase contrast

Slices 7.9 ± 1.0 45.6 ± 6.6 1

Slice Thickness
(mm) 8.3 ± 1.3 4.2 ± 0.7 5.6 ± 0.7

Number of Phases
per Cardiac Cycle 25.6 ± 4.4 1 25.8 ± 4.2

Phase dt (ms) 34 ± 5 NA 33 ± 6

In-Plane Spatial
Resolution (mm) 1.35 ± 0.37 1.16 ± 0.22 1.16 ± 0.25
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Table 3

Correlations of Natural Logarithm of iPL with ventricular function

Correlation with
Correlation

coefficient (R)

In (iPL)
p-value

End Systolic Volume [mL/BSA] −0.37* 0.047

End Diastolic Volume [mL/BSA] −0.48* 0.006

Stroke Volume [mL/BSA] −0.37* 0.047

Ejection Fraction [%] 0.10 0.611

Peak Ejection Rate [s−1] 0.162 0.393

Peak Filling Rate [s−1] 0.107 0.572

CI-VF [L/min/m2] −0.038 0.841

CI-PC [L/min/m2] −0.078 0.681

Time ratio to peak filling 0.67* <0.001

Heart Rate (bpm) 0.29 0.121

In(iPL) – natural logarithm of iPL; segmentation; CI-PC Cardiac Index derive ascending aorta; Rates norm CI-VF Cardiac Index derived from 
ventricle ed from phase contrast measurement in the alized to end diastolic volume

*
p<0.05;
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Table 4

Results of the user variability analyses

Coefficient of Variation (%)

End
Diastolic
Volume

End
Systolic
Volume

Stroke
Volume

Peak
Ejection

Rate

Peak
Filling
Rate

Intra-Class
Correlation
coefficient

Inter-observer
(n=8) 8 10 13 N/A N/A 0.935

Intra-observer
(n=5) 3 5 7 10 11 0.993
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