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Abstract

Objectives Assess liver stiffness using ultrasound point shear
wave elastography (US P-SWE) in children before and after
the Fontan operation.

Methods Eighteen children undergoing the Fontan operation
were prospectively enrolled. Eight US P-SWE measurements
were obtained from the right hepatic lobe before surgery, and
at multiple postoperative time points. Temporally related infe-
rior vena cava pressure (IVC) data was collected from medical
records, when available. Changes in mean liver shear wave
speed (SWS) were assessed using a mixed-effect model with
post hoc Tukey correction. Changes in IVC pressure were
evaluated using the Wilcoxon signed-rank test. A p value less
than 0.05 was considered significant.
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Results Mean age at enrolment was 33.5+10.5 months.

Baseline mean liver SWS was normal at 1.18 £0.29 m/s, in-

creased to 2.28 +0.31 m/s at2.5+ 1.2 days (p < 0.0001) and to

2.22+0.38 m/s at 7.5+ 1.4 days (p <0.0001). Five subjects

returned at a mean of 185+ 28 days, and mean liver SWS

remained elevated at 2.08 £0.24 m/s (p <0.0001). Mean

IVC pressure increased from 7.2 +2.6 mmHg at baseline to

16.44 +3.3 mmHg at 2.2 + 0.8 days post-surgery (p = 0.004).

Conclusion The Fontan operation immediately and chronical-

ly increases liver stiffness and IVC pressure. Our study pro-

vides further evidence that congestion is a key driver of

Fontan-associated liver disease.

Key points

* The Fontan operation triggers immediate hepatic congestion
and marked liver stiffening.

* Congestion, not fibrosis, drives early increased liver stiffness
in Fontan patients.

* Hepatic congestion persists chronically for months after the
Fontan operation.

* Congestion confounds shear wave elastography as a post-
Fontan liver fibrosis biomarker.

Keywords Hepatopathy - Congestion - Congenital heart
disease - Ultrasound - Shear wave elastography

Abbreviations

FALD  Fontan-associated liver disease
IvC Inferior vena cava

MR Magnetic resonance

P-SWE Point shear wave elastography
SWE Shear wave elastography

SWS Shear wave speed
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Introduction

Children born with cardiac lesions in which there is
only one functional ventricle suffer from cyanosis.
Cardiac surgeons have developed a series of three pal-
liative operations (“stages”) that allow for adequate car-
diac output and systemic oxygen saturation [1]. The
final (third) stage, the Fontan operation, results in sys-
temic venous return from the upper and lower parts of
the body bypassing the heart and flowing passively to
the lungs. Patients typically complete the Fontan opera-
tion in early childhood and now routinely survive into
adulthood [2, 3].

Liver injury is a well-known complication of the
Fontan operation and is commonly termed Fontan-
associated liver disease (FALD) [4, 5]. The pathophysiol-
ogy of FALD is not well understood but likely involves
chronic hepatic congestion. In support of this theory, si-
nusoidal dilatation and sinusoidal fibrosis are common
histopathologic findings when liver biopsy is performed
years after the Fontan operation [6—10]. Liver fibrosis due
to FALD is progressive, and advanced liver fibrosis can
lead to serious complications, including decompensated
portal hypertension and intrahepatic mass lesion develop-
ment such as hepatocellular carcinoma [8, 11-14].

Prevention and treatment strategies for FALD are cur-
rently lacking, in part because of a lack of sensitive
diagnostic tests. Blood laboratory tests are often normal
or only mildly abnormal even in Fontan patients with
advanced liver fibrosis [9, 15-18]. Conventional imag-
ing tools can be insensitive to early liver fibrosis, and
liver biopsy is not an ideal method because it can fail
to detect histopathology that is not uniformly distributed
within the liver and because it is invasive.

A technique that shows promise in the noninvasive
assessment of liver fibrosis after the Fontan operation is
ultrasound (US) shear wave elastography (SWE). In this
technique, a standard US system is used to genecrate a
focused acoustic radiation force impulse (so-called push
pulse) within the liver. This push pulse gives rise to
shear waves in the liver, and the speed of the waves
is measured using the same transducer that generates the
push pulse.

Recent, small cross-sectional studies demonstrate that
both US SWE and magnetic resonance (MR) elastography
may be useful in the detection of FALD [10, 19, 20]. The
studies show that these modalities, when applied several
years to decades after the Fontan operation, detect signif-
icantly increased liver stiffness in patients as compared to
healthy controls. The severity of liver stiffness was pro-
portional to time elapsed from operation, suggesting that
fibrosis due to FALD is progressive. However, liver stiff-
ness also directly correlated with indices of central venous

pressure, implying that hepatic congestion also potentially
increases stiffness estimates in these children.

The aim of our study was to use US SWE to describe the
early natural history of liver stiffness in children undergoing
the Fontan operation. We hypothesized that, on average, (1)
children have normal preoperative liver stiffness, (2) liver
stiffness increases immediately after the operation as a result
of hepatic congestion and (3) liver stiffness remains increased
at the time of hospital discharge.

Methods

This prospective cohort study was approved by the Institutional
Review Board at the University of Michigan and is Health
Insurance Portability and Accountability Act (HIPAA, United
States) compliant. Parent/guardian written informed consent
was obtained for all participants.

Between November 2014 and September 2015, we
prospectively and consecutively enrolled children with
single ventricle congenital heart disease presenting for
the Fontan operation. Exclusion criteria were defined
as (1) any pre-existing laboratory evidence of chronic
liver disease as defined by chronic elevation (greater
than 4 weeks) of alanine aminotransferase, aspartate
aminotransferase or direct bilirubin up to greater than
two times the upper limit of normal, (2) evidence of
cirrhosis by conventional greyscale US imaging or (3)
any portal vein or hepatic vein thrombosis or other he-
patic vascular anomaly as assessed by a combination of
greyscale and colour Doppler US imaging. In order to
establish the presence or absence of exclusion criteria,
blood was collected for laboratory testing, including al-
anine aminotransferase, aspartate aminotransferase and
total and direct bilirubin, and conventional greyscale
and Doppler US imaging of the liver was performed
after the acquisition of informed consent. Inclusion US
examinations were reviewed by a single fellowship-
trained paediatric radiologist.

Thirty-three consecutive children and their parents/
guardians were approached to participate in our study
(Fig. 1). A total of 21 families agreed to participate,
and all 21 children met study criteria and were enrolled.
Three patients were withdrawn just after enrollment at
the request of their parents/guardians because the pa-
tients were unable to keep still enough to allow accurate
baseline US SWE data acquisition. Therefore, 18 chil-
dren including 6 (33 %) girls and 12 (67 %) boys com-
pleted the study. The mean age at enrollment for girls
was 33 months (range 24—47 months) and for boys was
34 months (range 18-52 months), and for all 18 sub-
jects combined was 33.5 (range 18-52 months).
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Elastography data captured at follow-up #2
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Elastography data captured at follow-up #3
(n=5)

Preoperative and postoperative inferior vena
cava pressure data captured (n=9)

Fig. 1 Study subject flow diagram. A total of 33 subjects and their
parent/guardians were approached consecutively, and 21 subjects were
officially enrolled while 12 families declined to participate. Of the 21
enrolled subjects, three were withdrawn just after enrollment at the
request of their parent/guardian due to inability to cooperate with the
initial elastography exam. Therefore, a total of 18 subjects were analysed.
The final box shows the total number of subjects for which data was
captured at each of the study time points

Baseline data were recorded, including age, gender, details
of original cardiac lesion and dates of the stage 1 and stage 2
operations. As standard of care, all patients underwent preop-
erative assessment of ventricular function and intracardiac
pressures, including right atrial pressure, by cardiac catheter-
ization. Pressure data were obtained by chart review and
documented.

Preoperative US SWE was performed using an Acuson
S3000 US system and 9L4 transducer (Siemens Medical
Solutions USA, Inc.; Mountain View, CA). Using Virtual
Touch Quantification (VTQ), eight consecutive point SWE
(P-SWE) shear wave speed (SWS) measurements were ac-
quired from the central right hepatic lobe (segment 6 or 7) at
least 1 cm deep to the liver capsule (Fig. 2). Subjects were
imaged free-breathing in the supine position with the right arm
in abduction. The US transducer was positioned either
subcostal or in a lateral intercostal space adjacent to the right
lobe of the liver.

US P-SWE was repeated postoperatively at multiple time
points, including (1) within 24-72 h of the Fontan operation
(“follow-up #17), (2) just prior to hospital discharge (““follow-
up #27) and (3) at approximately 6 months after the operation
if the subject returned to our institution for follow-up clinical
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Fig. 2 Ultrasound hepatic point shear wave elastography images from a
34-month-old female patient with single ventricle congenital heart
disease. a Point shear wave elastography (p-SWE) image obtained prior
to stage 3 of the Fontan operation shows normal liver stiffness (shear
wave speed measurement=1.00 m/s). b p-SWE image obtained 24 h
after surgery shows marked interval liver stiffening due to hepatic
congestion (shear wave speed measurement =2.21 m/s)

evaluation (“follow-up #3”). When available, pressure data
was collected from centrally positioned vascular catheters
(placed according to operative/postoperative standard of care)
at the same time as follow-up US P-SWE.

Statistical analyses

Continuous data were summarized as means and standard
deviations, while categorical data were summarized as counts.
Tukey box plots and spaghetti plots were used to visually
assess change in individual mean liver SWS measurements
versus time as well as inferior vena cava (IVC) pressures ver-
sus time. Comparison of mean SWS from different time points
was performed using a mixed effect model with post hoc
Tukey correction to adjust for multiple comparisons. Mean
IVC pressures from different time points were compared using
the Wilcoxon signed-rank test.
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A p value less than 0.05 was considered significant for all
inference testing. Statistical analyses were performed using
SAS, version 9.4 (SAS Institute; Cary, NC).

Results
Demographics and baseline data

The demographic, preoperative cardiac anatomic, baseline
laboratory and US characteristics of the study subjects, and
whether or not a fenestration (surgical window which allows
systemic venous return to bypass the pulmonary circulation)
was performed during Fontan operation are summarized in
Table 1. Baseline serum aspartate aminotransferase, alanine
aminotransferase, total bilirubin, and direct bilirubin were
available for 16 of 18 patients and were within normal limits.
Baseline labs were not drawn by the clinical team for two
patients despite our request; neither of the two patients had
any documented history of chronic liver disease. There was no
US evidence of liver cirrhosis and Doppler examination of the
portal and hepatic veins was normal for all 18 patients.

Liver SWS measurements over time

Follow-up #1 (n=17) was 2.5+ 1.2 days post-surgery,
follow-up #2 (n=17) was 7.5+ 1.4 days post-surgery and

follow-up #3 (n=15) was 185=+28 days post-surgery. US
P-SWE pairwise comparison results between various time
points are summarized in Table 2. Tukey box plots and spa-
ghetti (individual trend) plots showing subject mean liver
SWS measurements over time are presented in Figs. 3 and 4.

Mean preoperative liver SWS was 1.18 +0.29 m/s. Mean
liver SWS was 2.28 + 0.31 m/s at follow-up #1,2.22 + 0.38 m/
s at follow-up #2 and 2.08 +0.24 m/s at follow-up #3. There
were significant differences in mean liver SWS between base-
line and all three follow-up time points (p values <0.0001 for
baseline vs. all follow-up time points). There was no differ-
ence in mean liver SWS between follow-up #1 and #2 (p =
0.93), between follow-up #1 and follow-up #3 (p=0.53) or
between follow-up #2 and #3 (p =0.75).

IVC pressure measurements over time

Postoperative [IVC pressure data was available at follow-up #1
for 9 out of 18 patients (patients 1, 2, 3,4, 6,9, 13, 15 and 18).
For this subset of patients, follow-up #1 was 2.2 +0.8 days
post-surgery. This data was unavailable in the other patients at
follow-up #1 because of prior discontinuation of the central
line at the discretion of the clinical team. The central line was
discontinued in every enrolled patient in the study prior to
follow-up #2. Tukey box plots and spaghetti plots showing
subject mean IVC measurements over time are presented in
Figs. 5 and 6.

Table 1  Demographics and baseline clinical information for the study subjects
Subject Sex Original Functional Age Age Age AST/ALT Total Nodularity PV/HV  Did Fontan
cardiac lesion ventricle (days) at (months) (months) (IU/mL) bilirubin by gray- patent? operation
stage 1 at stage 2 at Fontan (mg/dl) scale US? include
operation fenestration?
1 F  Tricuspid atresia L * 4 47 42/22 0.7 No Yes No
2 M  HLHS R 4 5 22 52/21 0.5 No Yes Yes
3 F  HLHS R 3 5 36 50/26 0.8 No Yes Yes
4 M  HLHS R 7 4 38 39/11 0.2 No Yes Yes
5 F  HLHS R 14 6 26 46/23 0.5 No Yes Yes
6 M Truncus arteriosus, R 6 6 23 46/29 0.2 No Yes Yes
mitral valve atresia
7 F  Tricuspid stenosis, L 6 6 24 42/15 0.7 No Yes Yes
pulmonary stenosis
8 M  HLHS R 3 3 22 39/18 0.7 No Yes Yes
9 F PA/IVS L 5 5 34 Not drawn Not drawn No Yes No
10 M  HLHS R 6 3 46 47/20 0.7 No Yes No
11 M  DORV/PS R 5 6 46 34/19 0.3 No Yes No
12 M  HLHS R 8 5 46 Not drawn Not drawn No Yes Yes
13 M  PA/IVS L 205 18 35 36/17 0.5 No Yes No
14 M  HLHS R 8 4 52 43/21 1.0 No Yes Yes
15 M DILV L 18 4 24 37/19 0.5 No Yes Yes
16 F  Tricuspid atresia L 6 5 31 32/17 0.6 No Yes Yes
17 M HLHS R 2 8 18 36/20 0.5 No Yes Yes
18 M  HLHS R 2 5 34 55/63 0.8 No Yes Yes

ALT alanine aminotransferase, AST aspartate aminotransferase, DILV double inlet left ventricle, DORV/PS double outlet right ventricle and pulmonary
stenosis, F' female, HLHS hypoplastic left heart syndrome, HV hepatic vein, L left, M male, R right, PA/IVS pulmonary atresia with intact ventricular

septum, PV portal vein, US ultrasound

* This patient underwent the bidirectional Glenn operation (typically a second stage in the palliative series) as the first operation
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Table 2 Comparison of mean
shear wave speed between time

points

Pairwise comparisons Mean (standard deviation) shear wave speed (m/s) P value
Baseline vs. follow-up #1 (n=17) 1.18 (0.29) vs. 2.28 (0.31) <0.0001
Baseline vs. follow-up #2 (n=17) 1.18 (0.29) vs. 2.22 (0.38) <0.0001
Baseline vs. follow-up #3 (n=5) 1.18 (0.29) vs. 2.08 (0.24) <0.0001
Follow-up #1 vs. #2 (n=17) 2.28 (0.31) vs. 2.22 (0.38) 0.93
Follow-up #1 vs. #3 (n=5) 2.28 (0.31) vs. 2.08 (0.24) 0.53
Follow-up #2 vs. #3 (n=5) 2.22(0.38) vs. 2.08 (0.24) 0.75

Among patients with available data, measured IVC pres-
sure (i.e. right atrial pressure preoperatively and Fontan pres-
sure postoperatively) was significantly increased from base-
line to follow-up #1 (7.17+2.6 mmHg vs. 16.44
+3.3 mmHg, p = 0.004). Of the nine patients with central line
data at follow-up #1, six patients had a fenestration and three
patients did not have a fenestration, and there was no signifi-
cant difference in mean IVC pressure at follow-up #1 between
the two groups (17.2+3.8 mmHg in the fenestration group
versus 15+2.0 mmHg in the non-fenestration group,
p=0.54).

Discussion

Our data confirm that the Fontan operation causes a
marked immediate increase in liver stiffness from an ave-
rage baseline of normal stiffness, and that the increase in
liver stiffness coincides with a significant increase in

IVC pressure. Taken together, our data implicate hepatic
congestion, and not liver fibrosis, as the singular driver
of increased liver stiffness in the early postoperative
period in this patient population. These results are in
agreement with a recently published study (n=9) using
transient clastography that demonstrated an increase in
liver stiffness from normal at 4 months following the
Fontan operation [21]. We are the first to demonstrate
that the increase occurs immediately (within the first
48 h) and is sustained chronically.

US SWE is an accurate means of assessing liver stiffness in
children and adults [22-24]. A recent two-centre investigation
showed that US SWE is also highly reproducible, with low
coefficients of variation (0.5-3.8 %) and near-perfect
interoperator agreement when evaluating soft and hard US
elasticity phantoms [25]. Similar data has been obtained in
healthy human subjects and in patients with chronic liver dis-
ease, showing low variability between measurements of liver
stiffness obtained by the same examiner and excellent

3.0

Mean Shear Wave Speed (m/s)

Baseline

T
Follow-up #1

Fig. 3 Spaghetti plot showing individual changes in mean liver shear wave
speeds from baseline to time points following the Fontan operation. All
subjects demonstrated a marked increase in mean liver stiffhess (shear wave
speed) from baseline (preoperative) to immediately after surgery. Mean times
elapsed from surgery were 2.5+ 1.2 days at follow-up #1, 7.5+ 1.4 days at
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Visit

follow-up #2 and 185428 days at follow-up #3. Some subjects showed a
decrease in mean liver stiffness between follow-up time points, while other
subjects showed an increase; on average, there was no significant difference
between the three follow-up time points. Circles at each time point represent
the mean liver stiffness values for each individual study subject
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Fig. 4 Tukey box plot showing change in liver shear wave speed from
baseline to time points following the Fontan operation. There was a
significant increase in mean liver stiffness (shear wave speed) between
baseline (preoperative) and all three follow-up time points (p <0.0001 for
baseline versus all follow-up time points). Mean times elapsed from surgery
were 2.5+ 1.2 days at follow-up #1, 7.5 + 1.4 days at follow-up #2 and 185

agreement between multiple examiners [26-28]. Our study
adds to the body of literature demonstrating that US SWE is
an important tool in the assessment of children after the
Fontan operation.

Visit
+ 28 days at follow-up #3. There were no significant differences in mean liver
stiffness between any of the follow-up time points. Diamonds represent the
mean of all subjects combined for each time point; circles represent statistical
outliers; the bottom and top of each box represent the first and third quartiles
respectively; the band within each box represents the median; the whiskers of
each box represent the range

MR elastography is also an excellent means of assessing
liver stiffness, although there is a paucity of published litera-
ture describing the use of this technique in young children. In
this technique, a pneumatic passive driver is placed over the

204

-
(4]
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Inferior Vena Cava Pressure (mmHg)

540

l\

T
Baseline

Fig. 5 Spaghetti plot showing individual changes in inferior vena cava
pressure from baseline to immediately following the Fontan operation
(n=9). Inferior vena pressures increased from baseline (preoperative) to
immediately after surgery (follow-up #1) in each subject. Mean time
elapsed from surgery at follow-up #1 in this subgroup of patients was

T
Follow-up #1

Visit

2.2+0.8 days. Circles at each time point represent the mean liver stiffhess
values for each individual study subject. Data points upon which two
lines converge represent two patients with the same inferior vena cava
pressure
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Fig. 6 Tukey box plot showing change in inferior vena cava pressure
from baseline to immediately following the Fontan operation (n=09).
Mean inferior vena cava pressure increased significantly from baseline
(preoperative) to immediately after surgery (follow-up #1), from 7.17
+2.6 mmHg to 16.44 £ 3.3 mmHg (p = 0.004). Mean time elapsed from

right upper quadrant abdominal wall, and modified phase con-
trast pulse sequences are used to track mechanically induced
shear waves within the liver. The technique has been shown to
provide reproducible results between manufacturers of scan-
ners (e.g. Philips Healthcare versus GE Healthcare) and across
different field strengths and different pulse sequences [29].

We chose US SWE over MR elastography for our study
because it is portable and very practical for bedside use, and
because of the other relative disadvantages of MR elastography
including higher cost, more limited availability, the potential
need for sedation in children and possible contraindications
(e.g. presence of non-MR-compatible devices or surgical
materials).

We did not include a cohort of healthy children for sake of
establishing normal mean liver stiffness in our hands, because
normal values for healthy young children as measured using
Siemens Acuson SWE technology are well established in the
literature. Four recent, independent studies including a com-
bined 164 healthy children ranging in age from 1 to 5 years
reported mean liver SWS in this age group ranging from 1.11
to 1.26 m/s with reported standard deviations ranging from
0.05 to 0.19 m/s [30-33]. The mean preoperative SWS in
our cohort (1.18 m/s) falls within this range of normal, sug-
gesting that children in our study had normal (on average)
liver stiffness prior to the Fontan operation, followed by a
marked and sustained increase in stiffness.

A recent study suggests that liver fibrosis might begin even
before the Fontan operation [34]. However, this study reviewed
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the operation at follow-up #1 was 2.2 + 0.8 days. Diamonds represent the
mean of all subjects combined for each time point; the bottom and top of
each box represent the first and third quartiles respectively; the band
within each box represents the median; the whiskers of each box represent
the range

autopsy tissue from relatively sick patients, many of whom may
have had other early forms of liver injury such as ischemic
injury. While a small number of subjects (2 of 18) in our study
had mildly elevated baseline mean liver stiffness measurements
(defined as mean liver SWS greater than 1.5 m/s), which in
theory could be due to mild fibrosis, mean preoperative liver
stiffness was normal (on the basis of published literature
documenting normal liver SWS values in the paediatric popu-
lation using VTQ). Furthermore, it is not plausible that hepatic
fibrosis could progress rapidly enough following the Fontan
operation to explain the change in liver stiffness observed in
the early postoperative period. Thus, our results suggest that
liver fibrosis is negligible at the time of the Fontan operation
in most single ventricle congenital heart disease patients.

The noted increase in IVC pressure in the immediate post-
operative period (follow-up #1) substantiates that the physiol-
ogy of the newly completed Fontan circuit (IVC to pulmonary
artery anastomosis) drives hepatic congestion (see
Supplementary Figs. 1 and 2 for illustrations of pre- and post-
operative cardiac anatomy and associated IVC pressures).
While we were not able to analyse for correlation between
change in mean liver stiffness and change in IVC pressure
because of the small sample size, it is mechanistically likely.
We hypothesize that there is a direct positive linear correlation
between the increases in IVC pressure which occur following
the Fontan operation and increases in liver SWS. Study of a
larger number of patients would allow this correlation to be
more precisely defined.
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Our data also suggest that hepatic congestion persists
chronically after the Fontan operation. With respect to chronic
FALD, since the stiffness of the liver is eventually almost
certainly influenced by both congestion and fibrosis, any
study of one of these factors by US SWE is potentially con-
founded by the other. Thus, we believe that further prospective
studies are necessary to complete a “roadmap” of the natural
history of liver stiffness following the Fontan operation at later
time points (e.g. yearly throughout childhood and adoles-
cence), which may reveal a pattern of liver stiffness over time
that permits the detection of the typical timing of onset of liver
fibrosis. Such knowledge might further elucidate the patho-
physiology of both liver congestion and fibrosis in these
children.

We note that our data also suggests that US SWE is sensi-
tive in the detection of acute changes in IVC pressure that
happen early on and which appear to drive hepatic congestion.
If congestion is the primary or sole trigger of liver fibrosis, US
SWE may eventually become a useful noninvasive, low-cost
proxy assessment of Fontan haemodynamics and a clinical
means of determining which patients are at highest risk of
fibrosis development.

Finally, it is conceivable that changes in liver stiffness over
time may predict a variety of important Fontan-related com-
plications, such as eventual need for heart transplantation or
the development of protein-losing enteropathy. Careful assess-
ment of Fig. 3 shows that some subjects experience increases
in liver stiffness between the follow-up time points, while
other subjects show decreases. It is such changes, especially
in the long run, that we believe may have predictive abilities.

The primary limitations of this study are the small sample
size and the limited capture of follow-up US SWE data at
6 months, since most subjects undergoing the Fontan opera-
tion at our hospital live far away and receive follow-up care
closer to home. Therefore, our study does not definitively
address the trend in liver stiffness beyond the near-
immediate postoperative period. That said, we have clearly
shown that all subjects undergoing the Fontan operation ex-
perience immediate and marked liver stiffening that is equal to
that attributed in the literature to moderate to severe liver fi-
brosis [35, 36]. Second, missing postoperative IVC pressure
data from multiple subjects, due to early discontinuation of the
central venous line postoperatively at the discretion of the
treating physician, hindered our ability to assess the exact
relationship between liver SWS measurements and IVC pres-
sure. Third, our study involved patients who were clinically
stable at the time of presentation for the operation. Patients
who suffer substantial cardiac morbidity prior to the Fontan
operation may have earlier onset of liver injury and therefore
may have a unique profile when assessed by US SWE.
However, our study remains broadly generalizable since most
children present semi-electively for the Fontan operation in
good clinical condition. Finally, we point out that we

performed eight P-SWE measurements per US elastography
session rather than ten measurements per session as currently
recommended according to a recently published consensus
guideline, which was made available after initiation of our
study [35]. However, we do not believe that this fact substan-
tively impacted our results.

Conclusion

The Fontan operation immediately and chronically increases
liver stiffness and IVC pressure, indicating that hepatic con-
gestion is a key contributor to early FALD. Further longitudi-
nal research is needed to definitively determine how liver
stiffness changes over time beyond the immediate postopera-
tive period and if different patterns exist. It is conceivable that
baseline postoperative SWS measurements or change in SWS
over time may predict important long-term clinical outcomes,
such as FALD or Fontan failure with need for eventual cardiac
transplantation. Finally, and of equal importance, our data
convincingly show that US SWE is a confounded biomarker
in the Fontan population (and likely in other populations with
right-sided cardiac disease), as liver SWS measurements can
be impacted significantly by passive congestion in addition to
fibrosis.
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