
 1

Pulmonary artery growth fails to match the increase in body surface area after the 
Fontan operation 

 
Gregory H. Tatum, Gunnlaugur Sigfússon, José A. Ettedgui, John L. Myers, Steven E. 
Cyran, Howard S. Weber, Steven A. Webber 
 
Division of Cardiology, Children’s Hospital of Pittsburgh, University of Pittsburgh 
School of Medicine, 3705 Fifth Avenue, Pittsburgh, PA 15213-2583 USA 
Gregory H. Tatum 
Cardiology fellow 
Gunnlaugur Sigfússon 
Pediatric cardiologist 
José A. Ettedgui 
Professor 
Steven A. Webber 
Associate Professor 
 
Division of Cardiothoracic Surgery, the Milton S. Hershey Medical Center, Pennsylvania 
State University, Hershey, PA USA 
John L. Myers 
Professor 
 
Division of Pediatric Cardiology, the Milton S. Hershey Medical Center, Pennsylvania 
State University, Hershey, PA USA 
Steven E. Cyran 
Professor 
Howard S. Weber 
Professor 
 
Running Head: Pulmonary artery growth after the Fontan operation 
Word count: 2356 
Keywords: Congenital heart disease, Fontan, Pulmonary arteries 
Correspondence to: Steven A. Webber @ steve.webber@chp.edu; Tel: 1-412-692-5541 
Fax: 1-412-692-5138 

 Heart Online First, published on September 13, 2005 as 10.1136/hrt.2005.070243

Copyright Article author (or their employer) 2005. Produced by BMJ Publishing Group Ltd (& BCS) under licence. 

 on M
ay 21, 2023 by guest. P

rotected by copyright.
http://heart.bm

j.com
/

H
eart: first published as 10.1136/hrt.2005.070243 on 13 S

eptem
ber 2005. D

ow
nloaded from

 

http://heart.bmj.com/


 2

Structured Abstract 
Objective: To evaluate the growth of the pulmonary arteries following a Fontan 
procedure. 
Design: Retrospective review 
Setting: Two pediatric cardiology tertiary care centers 
Patients: 61 children who underwent a modified Fontan operation and had angiography 
suitable for assessment of pulmonary artery size prior to Fontan and during long-term 
follow-up.  An atriopulmonary connection (APC) was present in 23 patients (37.7%) and 
a total cavopulmonary connection (TCPC) was present in 38 (62.3%).  Postoperative 
angiograms were performed 0.5 to 121 months (median 19 months) following the Fontan 
operation.   
Main Outcome Measure: Growth of each pulmonary artery measured just prior to the 
first branching point.  The diameter was expressed as a z-score using established 
nomograms to standardize for body surface area. 
Results: The mean change in the pre- to postoperative z-scores of the right pulmonary 
artery was -1.06 (p=0.004).  The mean change in the pre- to postoperative z-scores of the 
left pulmonary artery was -0.88 (p=0.003).  Changes in the pre- to postoperative z-scores 
were more pronounced in the patients undergoing APC than TCPC, especially for the 
right pulmonary artery. 
Conclusion: Following Fontan operation, growth of the pulmonary arteries frequently 
fails to match the increase in body surface area.  
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 INTRODUCTION 
 The modified Fontan procedure is being performed at an increasingly young age 
at many institutions.  Initial studies showed that pulmonary artery size was an important 
factor in determining the outcome for patients undergoing a Fontan type 
procedure.[1][2][3][4]  However, more recent studies have shown that the Fontan 
procedure can be safely performed in children with smaller pulmonary arteries.[5][6]  Yet 
little is known about the growth of the pulmonary arteries after the modified Fontan 
procedure.  There is evidence that the rate of growth of the pulmonary arteries may be 
decreased after the bidirectional Glenn procedure.[7][8][9][10]  There also has been 
concern that the growth of the pulmonary arteries may not be proportional to the increase 
in body surface area after a modified Fontan procedure.[11]  We speculate that 
inadequate growth of the pulmonary arteries may be a contributing factor to late Fontan 
failure. 
 The aim of this study was to evaluate the growth of the pulmonary arteries 
following a modified Fontan procedure. 
 
STUDY DESIGN 
Methods 
 All children who underwent a modified Fontan operation at Children’s Hospital 
of Pittsburgh or the Milton S. Hershey Medical Center between 1980 and 1994 and who 
had adequate angiographic imaging of the pulmonary arteries before and  after the 
procedure were included in this study.  In the majority of cases during this era, follow-up 
catheterization and angiography was performed as part of the routine follow-up 
evaluation of patients with Fontan repair at both institutions.  When the patient had 
undergone multiple catheterizations since the Fontan procedure, the latest catheterization 
was used for measurement purposes.   
 The modified Fontan operation was performed by one of three surgeons.  Despite 
minor variations in surgical technique, the procedures could be classified as either a 
direct atriopulmonary connection (APC) or a total cavopulmonary connection (TCPC) 
using a lateral tunnel technique.   
 Measurements of the left and right pulmonary arteries were made immediately 
proximal to the first branching point of each pulmonary artery.  This was performed 
during systole at the point in the cardiac cycle yielding the maximum size of the 
pulmonary arteries.  Images were corrected for magnification using filmed 1 cm markers 
(grid or sphere) when available or by known catheter diameter.  All measurements were 
obtained by a single investigator.  Measured pulmonary artery size was expressed as a z-
score using published nomograms which standardize pulmonary artery size for body 
surface area.[12]  Pulmonary artery index (PAI) was also calculated from the same 
measurements as previously described.[4] 
 This study was performed in compliance with institutional ethical committee 
guidelines. 
Statistical analysis  
 Descriptive data are expressed as a mean +/- standard deviation or median with 
ranges as appropriate.  Normally distributed continuous variables were compared using 
paired and unpaired student’s t-tests.  Mann-Whitney U test was used for comparison of 
group means for variables that did not approximate to a normal distribution.  Linear 
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regression was used to assess the relationship between continuous variables.  Values of p 
< 0.05 were considered statistically significant. 
 
RESULTS 
 Of the 98 patients undergoing a modified Fontan operation between 1980 and 
1994, 61 (62%) fulfilled inclusion criteria.  Cardiac diagnosis of these patients were: 
tricuspid atresia (19), double inlet left ventricle (17), hypoplastic left heart syndrome 
(13), pulmonary atresia with intact ventricular septum (6) and other diagnoses (6).  28 
patients were female and 33 were male.  The age at the modified Fontan operation ranged 
from 7.3 to 252 months (mean 75.2 months, median 53 months).  Eighteen (29.5%) were 
under two years of age at the time of surgery.  Preoperative catheterization was 
performed 0.1 to 19 months (mean 2.9 months, median 2 months) prior to the Fontan 
procedure.  The weight at the time of the preoperative catheterization ranged from 6 – 
63.5 kg (mean 19.1 kg) and body surface area ranged from 0.32 – 1.5 m2 (mean 0.73 m2).  
The time from operation to postoperative follow-up catheterization ranged from 0.5 to 
121 months (mean 24.6 months, median 19 months).  The weight at the time of the 
postoperative catheterization ranged from 8.3 – 69.2 kg (mean 25.5 kg) and body surface 
area ranged from 0.40 – 1.9 m2 (mean 0.89 m2).  When comparing the patients 
undergoing APC and TCPC, those undergoing APC were significantly older and had a 
larger body surface area at the time of the modified Fontan.  They also underwent 
catheterization after a longer follow-up than the patients undergoing TCPC (Table I). 
 
 

  APC TCPC ρ - Value 

Number of 
patients 23 (37.7%) 38 (62.3%)  

Age at Fontan 
(months) 105 ± 67 51 ± 67 0.0013 

BSA at Fontan 
(m2) 0.89  ± 0.3 0.63 ± 0.3 0.0047 

Length of F/U 
(months)* 35 ± 25 20 ± 16 0.0006 

Table 1. Comparison of APC vs. TCPC Groups.  
* To latest postoperative catheterization; APC= atriopulmonary connection; TCPC= total 
cavopulmonary connection; BSA= body surface area; F/U= follow-up  
 
 Atriopulmonary connection was performed in 23 children (37.7%) and total 
cavopulmonary connection in 38 (62.3%), including 4 that had bilateral bidirectional 
Glenn procedures as a part of the TCPC.  One or more prior palliative procedures had 
been performed in 54 patients (89%) including: isolated systemic-to-pulmonary artery 
shunt (38 procedures), pulmonary artery banding (5), and first stage Norwood procedure 
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(12).  One patient had a classic Glenn shunt, 4 had a bidirectional Glenn and 5 had a 
hemi-Fontan procedure.  Some form of pulmonary artery reconstruction was done at the 
time of previous surgery in all patients undergoing these latter operations.  Pulmonary 
arterioplasty was performed at the time of the modified Fontan procedure in 19 patients 
(31%).  A 3 or 4 mm fenestration was created in the intra atrial baffle in 17 patients 
(28%) undergoing TCPC, but not in patients with APC.   
 In almost all patients, growth of both the right and left pulmonary arteries failed 
to match the increase in body surface area following the modified Fontan operation.  The 
PAI decreased from 286.7 ± 131.8 at preoperative catheterization to 206.6 ± 88.5 at 
postoperative catheterization.  The preoperative z-score for the right pulmonary artery 
was -1.25 ± 2.0 while postoperative z-score was -2.31 ± 3.0 for a mean change in z-score 
of -1.06 (p= 0.004) (Figure 1).  The preoperative z-score for the left pulmonary artery 
was -0.87 ± 1.6, while the postoperative z-score was -1.75 ± 1.5 for a mean change in z-
score of -0.88 (p=0.003) (Figure 2).  Of the 61 patients only 5 had an increase in the z-
score for both pulmonary arteries.   There where 7 patients who had an increase in the left 
pulmonary artery z-score only and 14 patients with an increase in the right pulmonary 
artery z-score only.  The remaining 35 patients had a decrease in the z-score for both 
pulmonary arteries.  There was no correlation between growth of the pulmonary arteries 
(change in z-score) for either the left or right pulmonary artery and the age at modified 
Fontan procedure (r= 0.02, r=-0.13 respectively), the body surface area at the time of 
either procedure (r= 0.001, r= -0.12), or the length of follow-up from either procedure 
(r=-0.14, r=-0.09).  When comparing the two different types of Fontan procedure, the 
patients undergoing APC had less growth of the pulmonary arteries (Table 2).  The mean 
change in the preoperative to postoperative z-score for the right pulmonary artery was -
0.58 ± 2.0 for the TCPC group and -1.85 ± 1.9 for the APC group (p=0.019).  The mean 
change in the preoperative to postoperative z-score for the left pulmonary artery was -
0.83 ± 1.6 for the TCPC and -0.96 ± 1.5 for the APC group (p=0.753).   
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 APC TCPC ρ - Value 

Pre Fontan 
RPA z-score -1.78 ± 1.9 -0.92 ± 1.9 0.103 

Post Fontan 
RPA z-score  -3.63 ± 1.9 -1.51 ± 1.7 0.001 

∆ RPA -1.85 ± 1.9 -0.58 ± 2.0 0.019 

Pre Fontan LPA 
z-score -1.28 ± 1.7 -0.62 ± 1.6 0.127 

Post Fontan 
LPA z-score -2.25 ± 1.4 -1.44 ± 1.5 0.041 

∆ LPA -0.96 ± 1.5 -0.83 ± 1.6 0.753 

Table 2. Changes in pulmonary artery z-scores according to type of procedure.  
APC= atriopulmonary connection; TCPC= total cavopulmonary connection; RPA= right 
pulmonary artery; LPA= left pulmonary artery 
 
  
DISCUSSION 
 The growth of the pulmonary bed has been shown to be strongly flow dependent 
in patients who are Fontan candidates.[13][14]  Early placement of a palliative shunt is 
important to promote sufficient bilateral pulmonary artery growth in cases of decreased 
pulmonary blood flow.[15]  Yet the optimal timing of subsequent operations in order to 
maximize the growth of the pulmonary arteries has not been established.  There is 
evidence that the growth of pulmonary arteries does not match the increase in body size 
following a bidirectional Glenn anastomosis [7][8][9][10] and after TCPC.[11]  Although 
Slavik et al [8] suggested that there was satisfactory short-term pulmonary artery growth 
after a bidirectional Glenn anastamosis, they demonstrated on overall decrease in z-scores 
in the children they studied.  Furthermore, they found that the rate of growth was lower in 
children undergoing the operation in the first year of life compared to their older peers.  
The addition of pulsatile blood flow during the bidirectional Glenn procedure may be of 
some benefit in promoting pulmonary artery growth as well as decreasing the likelihood 
of arteriovenous fistulas and temporarily increasing arterial oxygen saturations; although 
results to date have been mixed.[8] [16][17][18][19][20][21].   
 Performing a modified Fontan procedure at an early age has several benefits. 
Chief among these are the relief of the ventricular volume overload and early separation 
of the right and left circulations in order to achieve near normal oxygen saturations.  
Although initially the Fontan procedure was rarely performed before the age of 4 due to 
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worse outcomes,[22][23] success with Fontan procedures performed in young children 
has been well documented in more recent series.[23][24][25]  There is a clear trend 
toward performing the Fontan operation at progressively younger ages, yet little is known 
about the growth of the pulmonary arteries after this procedure.  Although modified 
Fontan procedures can be safely performed in children with a low PAI,[6] adequate 
pulmonary arterial growth must occur for long-term successful outcome.  We speculate 
that poor pulmonary artery growth might lead to late Fontan failure. 
 To date there has been very few studies that analyzed pulmonary artery growth 
after a Fontan procedure.  Buheitel et al [11] studied 32 patients who had undergone a 
Fontan procedure and underwent a catheterization afterwards.  The mean age of their 
patients at the time of the TCPC was 5.8 years and the mean time from operation to 
catheterization was 3.5 years.  They found that their patients had a significant increase in 
their z-scores from the first year of life until the time of the modified Fontan procedure.  
However, after the Fontan procedure they had a reduction in their z-scores of both 
pulmonary arteries.   
 In this study, the growth of both pulmonary arteries failed to match the increase in 
body surface area.  The inadequate pulmonary arterial growth was more pronounced in 
the patients undergoing a direct APC compared to those undergoing a TCPC, especially 
for the right pulmonary artery.  The decrease in the pulmonary artery z-score was 
comparable for the right and left pulmonary arteries in patients who underwent a TCPC.  
Patients undergoing a direct APC had a larger decrease in the z-score for the right than 
the left pulmonary artery.  When these two subsets of patients are compared, the APC 
group tended to be older at the time of operation, had their postoperative catheterization 
performed after a longer time interval and were operated on earlier in the series.  These 
differences limit the interpretation of any statistical comparisons between the two groups.  
Aside from the difference between the two types of Fontan procedures, we did not find 
any factors that predicted the change in the z-scores for their pulmonary arteries.  In 
particular, the age at time of operation and length of follow-up did not correlate with 
pulmonary artery growth.  The impact of pre-Fontan pulmonary blood flow on post-
Fontan pulmonary artery growth could not be investigated in this study since the highly 
complex anatomy and variable sources of pulmonary blood flow precluded accurate 
measurement of pre-Fontan pulmonary blood flow. 

The subjects in this study had measurements of their pulmonary arteries on 
average two years after the modified Fontan procedure.  Buheitel et al [11] performed 
catheterization at a mean of 3.5 years after the Fontan surgery and found similar results to 
ours in a smaller cohort.  Ideally, very long-term follow-up studies (>10 years) to assess 
pulmonary artery growth throughout childhood are needed.   

There were an insufficient number of patients who underwent the Fontan 
procedure at a very young age (< 2 years) to allow for separate analysis of this subset of 
patients.  De Groff et al [26] devised in vitro models of the TCPC that corresponded to 
the average vessel diameter of 3 and 15 year old patients.  They found that the vessel size 
had a significant impact on flow efficiency.  Since pulmonary artery growth is dependent 
on flow [13][14] and as subsequent pulmonary arterial growth is of particular importance 
in younger children, further studies are needed to address this topic.  Additionally, the 
underlying anatomy was very heterogeneous and the patients had undergone various 
different types of palliative procedures (including pulmonary arterioplasty) prior to, or at 
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the time of, the Fontan procedure.  All of these factors could act as confounders, 
however, there were insufficient numbers to allow for meaningful subgroup analysis.   

No patients in this study underwent an extracardiac repair.  Experimental data 
suggests that an extracardiac repair may have superior hemodynamics than other Fontan 
procedures.[27]  Therefore, the results of this study may not be as applicable to patients 
undergoing more recent repairs.  We did not include the more recent patients who have 
undergone extracardiac repairs as they did not undergo routine post-operative 
catheterization. 

There are also factors that may affect the measurement of the pulmonary arteries.  
The data was collected in a retrospective manner.  The patients were from two different 
centers and different techniques were used to measure the pulmonary arteries in different 
patients (i.e. grids, spheres, catheters).  During the time period included in this study, 
catheterization offered the most reliable form of measuring pulmonary artery growth.  As 
catheterization is an invasive procedure, the majority of patients had undergone only a 
single post-Fontan catheterization.  Thus, there were a limited number of data points for 
analysis.  Over 90% of the catheterizations performed were elective, therefore the study 
should not be overly biased by the inclusion of patients undergoing catheterization due to 
Fontan failure.  In future studies, magnetic resonance imaging offers the capability for 
serial non-invasive monitoring of pulmonary arterial growth. 

In summary, the findings from this study are consistent with previous studies that 
have shown that the growth of pulmonary arteries does not match the increase in body 
size following a bidirectional Glenn anastomosis [7][8][9][10] and after TCPC.[11]  
Whether this is due to inadequate pulmonary blood flow and lack of pulsatility at a 
critical time in the growth and development of the pulmonary arteries, or is due to some 
other cause, remains to be fully elucidated.  Nonetheless, we speculate that this poor 
pulmonary artery growth may be a contributing factor to late Fontan failure.  These 
preliminary findings do not justify any changes in current practice, but they do underline 
the need for long-term follow-up studies of pulmonary artery growth following the 
various modified Fontan procedures, especially when performed at a very young age. 
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