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Pulmonary artery growth fails to match the increase
in body surface area after the Fontan operation
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Objective: To evaluate the growth of the pulmonary arteries after a Fontan procedure.
Design: Retrospective review.
Setting: Two paediatric cardiology tertiary care centres.
Patients: 61 children who underwent a modified Fontan operation and had angiography suitable for
assessment of pulmonary artery size before the Fontan procedure 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 0.5–121
months (median 19 months) after the Fontan operation.
Main outcome measure: Growth of each pulmonary artery measured just before the first branching point. The
diameter was expressed as a z score with established nomograms used to standardise for body surface area.
Results: The mean change in the preoperative to postoperative z scores of the right pulmonary artery was
21.06 (p = 0.004). The mean change in the preoperative to postoperative z scores of the left pulmonary
artery was 20.88 (p = 0.003). Changes in the preoperative to postoperative z scores were more
pronounced in the patients undergoing APC than TCPC, especially for the right pulmonary artery.
Conclusion: After the Fontan operation, growth of the pulmonary arteries often fails to match the increase
in body surface area.

T
he modified Fontan procedure is being performed at an
increasingly younger 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.1–4 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.7–10 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 objective of this study was to evaluate the growth of
the pulmonary arteries after a modified Fontan procedure.

METHODS
Study design
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 enrolled in this study. In
the majority of cases during this era, follow up catheterisa-
tion and angiography were performed as part of the routine
follow up evaluation of patients with Fontan repair at both
institutions. When the patient had undergone multiple
catheterisations since the Fontan procedure, the latest
catheterisation was used for measurement purposes.

One of three surgeons performed the modified Fontan
operation. Despite minor variations in surgical tech-
nique, the procedures could be classified as either a direct
atriopulmonary connection (APC) or a total cavopulmonary
connection (TCPC) with a lateral tunnel technique.

The left and right pulmonary arteries were measured
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
by using filmed 1 cm markers (grid or sphere) when available
or by known catheter diameter. A single investigator obtained
all measurements. Measured pulmonary artery size was
expressed as a z score based on published nomograms,
which standardise pulmonary artery size for body surface
area.12 Pulmonary artery index was also calculated from the
same measurements as previously described.4

This study was performed in compliance with institutional
ethics committee guidelines.

Statistical analysis
Descriptive data are expressed as a mean (SD) or median
(range) as appropriate. Normally distributed continuous
variables were compared by 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 regression was used to assess the
relation between continuous variables. Values of p , 0.05
were considered significant.

RESULTS
Of the 98 patients undergoing a modified Fontan operation
between 1980 and 1994, 61 (62%) fulfilled inclusion criteria.
Cardiac diagnoses of these patients were tricuspid atresia
(19), double inlet left ventricle (17), hypoplastic left heart
syndrome (13), pulmonary atresia with intact ventricular
septum (six), and other diagnoses (six). Twenty eight
patients were girls and 33 were boys. The age at the modified
Fontan operation ranged from 7.3–252 months (mean 75.2
months, median 53 months). Eighteen (29.5%) were under 2
years of age at the time of surgery. Preoperative catheterisa-
tion was performed 0.1–19 months (mean 2.9 months,
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median two months) before the Fontan procedure. The
weight at the time of the preoperative catheterisation 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 catheterisation ranged from 0.5–
121 months (mean 24.6 months, median 19 months). The
weight at the time of the postoperative catheterisation 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). Compared with
the patients undergoing TCPC, those undergoing APC were
significantly older and had a larger body surface area at the
time of the modified Fontan operation. They also underwent
catheterisation after a longer follow up than did the patients
undergoing TCPC (table 1).

APC was performed in 23 children (37.7%) and TCPC in 38
(62.3%), including four who 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 (five procedures),
and first stage Norwood procedure (12). One patient had a
classic Glenn shunt, four had a bidirectional Glenn, and five
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 after the modified Fontan operation. The
pulmonary artery index decreased from 286.7 (131.8) at
preoperative catheterisation to 206.6 (88.5) at postoperative
catheterisation. The preoperative z score for the right

pulmonary artery was 21.25 (2.0) and the postoperative z
score was 22.31 (3.0) for a mean change in z score of 21.06
(p = 0.004) (fig 1). The preoperative z score for the left
pulmonary artery was 20.87 (1.6) and the postoperative z
score was 21.75 (1.5) for a mean change in z score of 20.88
(p = 0.003) (fig 2). Of the 61 patients only five had an
increase in the z score for both pulmonary arteries. Seven
patients had an increase in the left pulmonary artery z score
only and 14 patients had 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. Growth of either
the left or right pulmonary artery (change in z score) was not
correlated with age at modified Fontan procedure (r = 0.02
and r = 20.13, respectively), body surface area at the time
of either procedure (r = 0.001 and r = 20.12), or the
length of follow up after either procedure (r = 20.14 and
r = 20.09). When comparing the two 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 20.58 (2.0) for the TCPC and 21.85 (1.9) for the
APC group (p = 0.019). The mean change in the preopera-
tive to postoperative z score for the left pulmonary artery was
20.83 (1.6) for the TCPC and 20.96 (1.5) for the APC group
(p = 0.753).

DISCUSSION
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 to maximise 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 after a bidirectional Glenn

Table 1 Comparison of atriopulmonary connection
(APC) versus total cavopulmonary connection (TCPC)
groups

APC TCPC p 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 FU (months)* 35 (25) 20 (16) 0.0006

Data are mean (SD).
*To latest postoperative catheterisation.
BSA, body surface area; FU, follow up.
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Figure 1 Growth of the right pulmonary artery.
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Figure 2 Growth of the left pulmonary artery.

Table 2 Changes in pulmonary artery z scores
according to type of procedure

APC TCPC p Value

Pre-Fontan RPA z score 21.78 (1.9) 20.92 (1.9) 0.103
Post-Fontan RPA z score 23.63 (1.9) 21.51 (1.7) 0.001
D RPA 21.85 (1.9) 20.58 (2.0) 0.019
Pre-Fontan LPA z score 21.28 (1.7) 20.62 (1.6) 0.127
Post-Fontan LPA z score 22.25 (1.4) 21.44 (1.5) 0.041
D LPA 20.96 (1.5) 20.83 (1.6) 0.753

LPA, left pulmonary artery; RPA, right pulmonary artery.
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anastomosis7–10 and after TCPC.11 Although Slavik et al8

suggested that short term pulmonary artery growth was
satisfactory after a bidirectional Glenn anastomosis, they
reported 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 than in 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; however,
results to date have been mixed.8 16–21

Performing a modified Fontan procedure in a very young
patient has several benefits. Chief among these are relief of
the ventricular volume overload and early separation of the
right and left circulations to achieve near normal oxygen
saturations. Although initially the Fontan procedure was
rarely performed before the age of 4 due to worse out-
comes,22 23 success with Fontan procedures performed in
young children has been well documented in more recent
series.23–25 There is a clear trend towards 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 pulmonary artery
index,6 pulmonary arterial growth must be adequate for long
term successful outcome. We speculate that poor pulmonary
artery growth may lead to late Fontan failure.

Very few studies to date have analysed pulmonary artery
growth after a Fontan procedure. Buheitel et al11 studied 32
patients who had undergone a Fontan procedure and
underwent a catheterisation afterwards. The mean age of
their patients at the time of the TCPC was 5.8 years and the
mean time from operation to catheterisation was 3.5 years.
They found that their patients’ z scores increased signifi-
cantly from the first year of life until the time of the modified
Fontan procedure. However, after the Fontan procedure their
z scores decreased for 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 than in 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 catheterisation performed after a longer time
interval, and were operated on earlier in the series. These
differences limit the interpretation of any statistical compar-
isons 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 patients in this study had their pulmonary arteries
measured on average two years after the modified Fontan
procedure. Buheitel et al11 performed catheterisation 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.

The number of patients who underwent the Fontan
procedure at a very young age (, 2 years) was insufficient
to allow for separate analysis of this subset of patients.
DeGroff et al26 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 flow13 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 types of palliative procedures
(including pulmonary arterioplasty) before, or at the time of,
the Fontan procedure. All of these factors can act as
confounders; however, numbers were insufficient to allow
for meaningful subgroup analysis.

No patients in this study underwent an extracardiac repair.
Experimental data suggest that an extracardiac repair may
have superior haemodynamic function 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
postoperative catheterisation.

There are also factors that may affect the measurement of
the pulmonary arteries. The data were collected retrospec-
tively. The patients were from two centres and different
techniques were used to measure the pulmonary arteries in
different patients (that is, grids, spheres, and catheters).
During the time period of this study, catheterisation offered
the most reliable form of measuring pulmonary artery
growth. As catheterisation is an invasive procedure, the
majority of patients had undergone only a single post-Fontan
catheterisation. Thus, the number of data points for analysis
was limited. Over 90% of the catheterisations performed were
elective; therefore, the study should not be overly biased by
the inclusion of patients undergoing catheterisation because
of Fontan failure. For future studies, magnetic resonance
imaging offers the capability for serial non-invasive monitor-
ing 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 after a
bidirectional Glenn anastomosis and after TCPC.7–11 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 after
the various modified Fontan procedures, especially when
performed in very young patients.
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Profound coronary spasm caused by a mediastinal draining tube

A
49 year old female patient with exer-
tional angina pectoris and one vessel
disease (ostial and mid left anterior

descending artery and diagonal branch
stenoses) underwent elective coronary
bypass grafting. The left internal mammary
artery was anastomosed off-pump to the
diagonal branch and LAD. After an unevent-
ful operation the patient was transferred to
the intensive care unit. Four hours later,
however, she developed severe hypotension
and bradycardia. The ECG showed ST eleva-
tion in the inferior leads and complete AV
block. This episode lasted for 10 minutes and
did repeat one more time. The patient was
brought to the catheterisation laboratory.
Coronary angiogram revealed a well func-
tioning left internal mammary artery
(LIMA). In contrast to the preoperative
images (panel A), the right coronary artery
was found diffusely narrowed. In its prox-
imal part, the lumen was nearly completely
obliterated; at this point, a mediastinal
draining tube was observed (panel B). The
tube was removed and the subsequent
clinical course was uneventful; no rise in
creatine phophokinase was observed and the
ECG on discharge was normal.

To our knowledge, this is the first report
showing spasm of a native coronary artery
caused by a mediastinal drain.
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(A) Normal appearance of the right coronary artery (RCA) at preoperative angiogram. (B) Nearly
complete obliteration of proximal RCA lumen. The borders of the mediastinal draining tube are
indicated with arrows.
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