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Abstract
Background—Typically, a Fontan connection is constructed as either a lateral tunnel (LT)
pathway or an extracardiac (EC) conduit. The LT is formed partially by atrial wall and is assumed
to have growth potential, but the extent and nature of LT pathway growth have not been well
characterized. A quantitative analysis was performed to evaluate this issue.

Methods—Retrospective serial cardiac magnetic resonance data were obtained for 16 LT and 9
EC patients at two time points (mean time between studies 4.2±1.6 years). Patient-specific
anatomies and flows were reconstructed. Geometrical parameters of Fontan pathway vessels and
the descending aorta were quantified, normalized to body surface area (BSA), and compared
between time points and Fontan pathway types.

Results—Absolute LT pathway mean diameters increased over time for all but 2 patients; EC
pathway size did not change (2.4 ± 2.2 mm versus 0.02 ± 2.1 mm, p <0.05). Normalized LT and
EC diameters decreased, while the size of the descending aorta increased proportionally to BSA.
Growth of other cavopulmonary vessels varied. The patterns and extent of LT pathway growth
were heterogeneous. Absolute flows for all vessels analyzed, except for the superior vena cava,
proportionally to BSA.

Conclusions—Fontan pathway vessel diameter changes over time were not proportional to
somatic growth but increases in pathway flows were; LT pathway diameter changes were highly
variable. These factors may impact Fontan pathway resistance and hemodynamic efficiency.
These findings provide further understanding of the different characteristics of LT and EC Fontan
connections and set the stage for further investigation.
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Introduction
The total cavopulmonary connection (TCPC)[1] is the method of choice for single ventricle
palliation. The inferior vena cava (IVC) is routed to the bidirectional cavopulmonary
connection, forming the Fontan pathway (FP), typically using either an intra-atrial lateral
tunnel (LT) pathway, or an extracardiac (EC) conduit. In general, the LT pathway is created
by suturing a synthetic baffle inside the atrium[2] and the EC conduit is created from a
synthetic tubular graft[3, 4]. Previous studies have shown that the different geometric
features of the two connection types are associated with different hemodynamic
characteristics, but there is no consensus on which is superior[5, 6].

One of the main differences between LT and EC connections is the potential for growth of
the FP. Since the circumferential non-native EC conduit cannot change its size, it is usually
performed using a graft that is thought to be large enough to support the circulation into
adulthood[7]. The LT pathway is partially formed with native atrial tissue[8] and is thought
to have growth potential[9]. Previous studies have looked into growth trends amongst the
TCPC vessels in serial cohorts for both LT and EC patients, but a detailed anatomical
comparison is not yet available[10–12]. Since the TCPC procedure is usually performed in
young patients, the ability for the FP to increase its size as the patient grows may be of
critical importance. In particular, as caval flows increase with patient growth, it is vital that
the vessels are also proportional to minimize the resistance to blood flow.

A comprehensive quantitative analysis evaluating the growth of the TCPC vessels has yet to
be reported. Specifically, it is important to analyze the LT pathway growth relative to the
other vessels and to compare it with EC conduit deformation over time. This study seeks to
address these questions and to provide information on the growth trends in patients with LT
and EC Fontan connections.

Patients and Methods
Patients

Single ventricle patients with a completed TCPC were retrospectively selected for this study
based on availability of two serial cardiac magnetic resonance (CMR) scans between
2001and 2012 at Boston Children’s Hospital or the Children’s Hospital of Philadelphia.
Patients were excluded if: age exceeded 25 years at the initial scan, change in body surface
area[13] (BSA) between the first (T1) and second (T2) scans was less than 0.2m2, image
quality was sub-optimal, or if the patients underwent any pulmonary artery (PA) or FP stent
implantation between scans. The Institutional Review Boards of all centers involved
approved the study.

Anatomy and Flow Reconstruction
Patient-specific anatomies were reconstructed from the CMR data set using previously
developed tools[14, 15]. Phase-contrast images acquired perpendicular to the IVC, superior
vena cava -SVC, left and right PA –LPA and RPA) and the ascending aorta were used to
reconstruct patient-specific flow[16, 17].

Geometry Isolation and Mesh Preparation
The region of interest was isolated from the reconstructed TCPC by cutting at the following
cross sectional planes: (i) FP: upstream of the hepatic venous confluence; (ii) SVC: just
below the innominate vein; (iii) LPA: immediately before first branching point; (iv) RPA:
similar to the LPA, but including the right upper pulmonary artery if it is close to the SVC
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connection; and (v) any other vessels that formed the connection, such as the azygous vein
or left SVC, were cut before the most central tributary.

Unstructured surface meshes were generated on the reconstructed anatomies, using
GAMBIT (ANSYS Inc., Lebanon, NH). To ensure optimal vessel length for centerline
computation, vessel extensions (5 to 10 mm) were added to the inlets and outlets in the
normal direction of the vessel cross-section.

Geometrical Characterization
TCPC vessels centerlines from the vessel cap to the branching point were extracted using
the Vascular Modeling Toolkit (VMTK – www.vmtk.org). Centerlines were obtained by
finding the center of the maximum inscribed sphere at different points within the vessel.
Radii of such maximum inscribed spheres along the centerlines were also computed.
MATLAB (Mathworks Inc., MA, USA) was used to extract the geometrical parameters out
of the vessel centerlines, including: (i) Minimum, mean and maximum diameter along each
vessel; (ii) Nakata index[18] (average of RPA and LPA cross-sectional areas, divided by
BSA), and (vi) McGoon[19] ratio (sum of LPA and RPA mean diameters, divided by the
descending aorta [dAo] diameter). Diameters were also normalized to BSA. Changes in
absolute and normalized diameters from T1 to T2 were calculated.

BSA-normalized dAo growth was used as a control to assess vessel changes relative to
somatic growth. DAo cross sectional areas were obtained from PC-MRI anatomic slices;
closed polygon area measurements were used to compute the cross-sectional area in into
OsiriX (Version 5.5.2; http://www.osirix-viewer.com, Pixmeo). The FP cross-sectional area
at the PA branching point has hemodynamic relevance because here the superior and inferior
inflows collide. The cross-sectional area of the FP at the point of PA branching was
extracted from the 3D geometry and area was calculated using Paraview (Sandia National,
Kitware INC, Los Alamos National Laboratory).

Distance between the geometries at the two time points reflected the 3D growth/deformation
of the TCPC surface over time, to provide an overall notion of the geometrical changes.
Using VMTK a rigid body transformation was performed between the geometry at T1 to
best match the geometry at T2, and normal distance was computed.

Statistical Analysis
IBM SPSS Statistics (version 20, IBM Corporation, Armonk, New York) was used in the
statistical analysis. Paired comparison of absolute and normalized geometric parameters
between the two time points was performed using the Wilcoxon signed rank test (for the
overall cohort, and LT and EC groups separately). Comparison of parameters between EC
and LT groups was performed using the Mann-Whitney U test.

Results
Patients

A total of 25 patients (16 LT and 9 EC) were included in this study (Table 1). Figure 1A
shows the linear relationship between age and BSA, while 1B shows the proportional
changes in both parameters when normalized to the initial value. Changes in these
parameters did not differ between the LT and EC groups (p-values 0.25 and 0.68
respectively).
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Superior vena cava and pulmonary arteries growth
Figure 2 shows the absolute and normalized vessel diameters for the entire cohort, and for
LT and EC groups. The absolute diameters of the SVC and both PAs increased from T1 to
T2; these changes were significant in all cases, except for the SVC and right PA in the EC
group, and the LPA in the LT group. In contrast, all normalized SVC and PA diameters
decreased over time.

Fontan Pathway growth: EC vs. LT groups
Minimum, mean and maximum absolute FP diameters increased significantly in the LT
group (Figure 3A), but remained the same in EC patients. Normalized diameter values
decreased significantly in both groups (Figure 3B). Figure 4 shows the relationship between
absolute FP diameter and BSA for LT and EC groups. Notably, the absolute mean FP
diameter increased in all but 2 LT patients.

Relevant vessel cross-sectional areas (Figure 5) and Normalized metrics (Table 2)
Absolute FP areas at the PA bifurcation were larger at T2 than T1 in the LT group, but not
the EC group. Normalized cross-sectional areas of the dAo and FP at the PA bifurcation
were similar at T1 and T2 in both groups. Additionally, the dAo normalized area increased
in time, which shows proportionality to BSA changes. Another indication of the non-
commensurate PA growth was the finding that the Nakata index and the McGoon ratio
decreased from T1 to T2, although these changes did not all reach significance (Table 2).

Absolute and Normalized Flow Rates (Figure 6)
Absolute flow rates were significantly higher for most vessels analyzed at T2 than T1,
except for the SVC, which did not change. There were variable changes in normalized flows
from T1 to T2, but no significant differences for any vessel or patient group.

Three-dimensional Changes Over Time
The surface distance between the TCPC geometries at the two time points was computed;
results for a sample of 4 EC patients and 4 LT patients are shown in Figure 7. In the EC
group, distance changes were generally small and uniform (based on a homogeneous color
scale). Distance changes were more variable in the LT group, especially in the FP: for
example, LT2 presented larger variations than those observed in LT4. It is important to note
that these diameter changes were not constant along the length of the vessel; for example, as
seen on LT1, LT2 and LT3, there was a considerable expansion at some locations, but a
reduction in cross-sectional area at others. The magnitude and patterns of change for the
SVC, LPA and RPA were not considerably different between the EC and LT groups.

Comment
Given that completion of the Fontan circulation is usually performed in early childhood and
must support the patient into adulthood, it is necessary that the Fontan connection grow with
the patient. The objective of this study was to quantify the geometrical and flow changes in
the vessels forming the TCPC in patients with both LT and EC Fontan connections, who
were studied at serial time points between which they increased in BSA by at least 0.2 m2.

The absolute FP diameters increased over time in patients with a LT TCPC, confirming that
the growth potential of this connection is realized. As expected, there was no change in the
absolute diameter of the FP in EC Fontan patients, given that a circumferential non-viable
conduit is used for this connection. Other TCPC vessels, namely, the SVC and PA, grew as
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well, although small sample size in the EC group made it difficult to determine whether
there were differences according to connection type.

One of the important findings of this study was that, although absolute vessel sizes tended to
increase over time, BSA-normalized TCPC vessel diameters decreased, while normalized
dAo area, as growth control, remained constant. These findings suggest that the rate of
TCPC vessel growth did not match somatic growth, which is consistent with what has been
reported previously[20]. Salim et al[21] demonstrated a linear relationship between PA
diameter and BSA in healthy children; however, previous studies have shown that this is not
the case for single ventricle patients[12, 22–24]. In this study, a similar trend was observed
with both EC and LT connections, which is important given that PA size may be a factor in
the long-term outcome of patients with a Fontan connection[18, 25–29]. The EC group
exhibited decreases in normalized FP minimum and mean diameters, which was expected
due to the differing material compositions of the two pathways. This is further supported by
the greater variation observed in the absolute mean diameter for the FP in the LT compared
to the EC (independent of age or BSA), which is consistent with the literature[25, 30].

Taken together, the findings of this study confirm the hypothesis that the LT pathway has
growth capability. However, it is important to take into account that the LT pathway showed
inconsistent and heterogeneous growth, which may have clinical relevance for a variety of
reasons related to the hemodynamics and rheology of the TCPC [31, 32]. The cross-
sectional area of the FP at the site of the PA anastomosis was larger in the LT group than the
EC group at both time points. This might be a function of either surgical technique or
different growth trends, and may have implications for hemodynamics and power loss at the
junction of the caval veins with the PA.

This study confirmed that the mean flow rate changes over time in Fontan patients. Absolute
Ao flow changed significantly from T1 to T2 in the cohort and subgroups; however, changes
between T1 and T2 differed between groups probably due to the small EC sample size. The
FP absolute flow increased over time, while the SVC did not. Normalized flows remained
constant for the FP and PAs, but decreased significantly in the SVC. The mismatch observed
in geometrical and flow rate changes in these patients may have a detrimental effect on
energy efficiency and ventricular function[33–35]. In order to avoid high power loss across
the connection due to increased flow with growth, there should be a proportional increase in
vessel diameter. Therefore, it is important that the TCPC maintains an adequate size as the
patient grows older and the flow demand increases.

Study Limitations
The use of retrospective data can present a challenge for a number of reasons, such as
heterogeneity in patient population and data quality. However, such a large longitudinal
CMR data set with serial measurements in growing Fontan patients has not been reported,
which justifies the use of these data in this novel study. A limitation to consider was the
imaging resolution: the pixel spacing in the CMR images used in this study was
1.25±0.24mm with a slice thickness of 4.57±1.05mm. Efforts have been applied to
interpolate these images to isotropic voxels for the anatomical reconstruction, with a method
previously validated with 0.96% error for pulmonary artery (PA) diameter measurement and
1.77% error on radius curvature. In addition, the scans were not acquired at the same age for
all patients (or within the same time intervals), which could affect the findings; even though
a minimum change of BSA was required, this is not necessarily expected to coincide with
meaningful growth in vessel size. The authors attempted to address this by normalizing each
geometric parameter to the patient’s BSA. The study groups, particularly the EC group,
were relatively small, which may have predisposed to type II error.
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Conclusions
In conclusion, this study represents an effort to evaluate vessel growth in Fontan patients by
analyzing serial CMR data, computing and comparing geometrical parameters, such as
normalized diameters. While growth in absolute terms was observed in all TCPC vessels,
normalized diameters generally decreased, indicating that although vessel growth did occur,
it was not proportionate to somatic growth. In addition, it was shown that the FP has
different growth behavior depending on the connection type: the LT pathway does grow
over time in most patients, though the growth was often heterogeneous along the length of
the pathway. The implications of these growth trends for adult patients cannot be determined
in the present study, but these findings will help serve as a foundation for investigation of
the adequacy of FP pathway size and growth in adult patients. It is important to further
elucidate the impact of these growth patterns, including the effects of growth on the
hemodynamic efficiency of the TCPC, and to understand how the heterogeneity of the
vessel growth may influence its hemodynamic performance.
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Figure 1.
A: relationship between patient age (years) and the body surface area (BSA) (m2) for all the
patients included in the study. B: relationship between the changes of age and BSA
normalized to the variable value at the initial time point. Linear regression equations are
indicated; p-values indicate the regression significance. T1: initial time point
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Figure 2.
Absolute (A) and Normalized (B) mean vessel diameters for the SVC, LPA and RPA in the
cohort, LT and EC subgroups. T1 is shown in the open columns and T2 in the solid ones.
(*): p-value<0.05
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Figure 3.
Absolute (A) and Normalized (B) minimum, mean and maximum Fontan Pathway diameters
for LT and EC subgroups. T1 is shown in the open columns and T2 in the solid ones (*): p-
value<0.05
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Figure 4.
Relationship between absolute mean FP diameters (mm) and body surface area (m2) in LT
(A) and EC (B) patients. Dashed red line: decreasing absolute diameter; Solid black line:
increasing absolute diameter.

Restrepo et al. Page 12

Ann Thorac Surg. Author manuscript; available in PMC 2015 March 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5.
Absolute (A) and Normalized (B) cross-sectional vessel Areas for the FP at the PA
bifurcation and the descending Aorta. T1 is shown in the open columns and T2 in the solid
ones. (*): p-value<0.05
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Figure 6.
Absolute and Normalized mean flows for the cohort (A), and the LT and EC groups (B). T1
is shown in the open columns and T2 in the solid ones. (*): p-value<0.05
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Figure 7.
Distance (in mm) between the geometry at the initial time point (color coded) and the latter
time (translucent gray). Top row shows extra-cardiac patients (EC1 through EC4); bottom
row shows Lateral Tunnel patients (LT1-LT4). Patient’s age and body surface area (BSA)
for each time point of the study is indicated
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