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Abstract 

Background The Fontan procedure has improved the prognosis of patients with a functional single ventricle; how-
ever, late complications—including Fontan-associated liver disease (FALD)—have surfaced as clinical concerns. FALD 
with signs of portal hypertension has been defined as advanced FALD (aFALD) due to its poor prognosis. Recently, 
noninvasive tests (NITs) have been found to predict liver fibrosis in FALD. Liver stiffness measurement excluding strain 
elastography (SE) was affected by hepatic congestion; however, to our knowledge, not many studies have evaluated 
the SE-derived Liver Fibrosis Index (LFI). This study aimed to determine the efficacy of NITs, especially LFI, for discrimi-
nating aFALD.

Methods In this retrospective study, 46 Japanese patients with FALD were included and classified into the aFALD (33 
patients; 22 males and 11 females; median age: 28.0 years) and non-aFALD (13 patients; seven males and six females; 
median age: 22.0 years) groups based on the presence/absence of signs of portal hypertension.

Results The platelet count, FIB-4 index, Forns index, and LFI differed significantly between the two groups 
and demonstrated moderate accuracy for discriminating aFALD. The shear wave velocity (Vs) measured by Shear 
Wave Elastography (SWE) did not differ significantly between the two groups. The cut-off value of platelet counts 
below 185 ×  103/μL had 78.8% sensitivity and 92.3% specificity. While 25/26 (96.2%) of the patients with FALD who 
had platelet counts below 185 ×  103/μL were aFALD, 8/20 (40.0%) of the patients with FALD who had platelet counts 
above below 185 ×  103/μL were also aFALD, indicating the need for additional markers. In the patients with FALD who 
had platelet counts above 185 ×  103/μL, only SE indicated moderate diagnostic accuracy, and the LFI cut-off value 
of 2.21 had 100% sensitivity and 75.0% specificity.

Conclusions Using a two-step approach, discriminating aFALD with platelet counts below 185 ×  103/μL by platelets 
alone, and for those with higher platelet counts, requiring LFI > 2.21 could discriminate aFALD with high accuracy. 
Early detection of aFALD and early intervention, including testing for aFALD, may lead to an improved prognosis 
of aFALD.
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Introduction
The Fontan procedure—a palliative operation widely 
performed in patients with single-ventricle congenital 
heart disease—has drastically improved the prognosis of 
these patients [1]. The procedure causes systemic venous 
return into the pulmonary circulation directly, and these 
long-term circulation alterations harm various organs 
[1, 2]. Liver damage in this context is known as Fontan-
associated liver disease (FALD) [3]. The precise incidence 
of FALD is unknown due to the lack of a uniform defini-
tion of FALD; however, liver fibrosis develops in almost 
all patients with Fontan circulation [4–8]. The incidence 
of advanced liver fibrosis and cirrhosis increases in the 
years following the Fontan operation [4, 5, 8–10], increas-
ing the risk of hepatocellular carcinoma (HCC) [9–13].

A liver biopsy is considered the gold standard for diag-
nosing and staging FALD fibrosis. However, it is invasive 
and has been linked to sampling error as well as intrao-
bserver and interobserver variability [14, 15]. Further-
more, individuals with FALD are frequently treated with 
anticoagulants and/or antiplatelet medications, mak-
ing liver biopsy a risky procedure for them. Recently, 
non-invasive tests (NITs)—including serum markers, 
non-invasive scores, and liver stiffness measurement 
(LSM)—have been shown to aid in estimating liver fibro-
sis in chronic liver diseases caused by HBV, HCV, and 
metabolic dysfunction-associated steatohepatitis [16]. 
There have been numerous reports on NITs for assessing 
liver fibrosis in FALD; however, the reported NITs var-
ied, and the results were inconsistent across these stud-
ies [4–6, 17–20]. Recent studies conducted on a relatively 
large number of patients with FALD who had undergone 
liver biopsy revealed that platelet counts and non-inva-
sive scores containing the platelet count as one of the 
variables—such as the AST-to-platelet ratio (APRI) and 
FIB-4 index—correlated with the severity of liver fibrosis 
[8, 21, 22].

Liver stiffness measurement (LSM) is divided into two 
categories: magnetic resonance elastography (MRE) and 
ultrasonography (US)-based elastography, which are 
further divided into three methods: transient elastog-
raphy (TE), shear wave elastography (SWE), and strain 
elastography (SE) [23]. LSM is a well-established tool for 
estimating the stage of liver fibrosis in chronic liver dis-
ease [23], and its utility in patients with FALD has been 
investigated using MRE [24–31], TE [17, 21, 32–42], 
and SWE [18, 43–45]. However, it has been demon-
strated that the liver stiffness of MRE, TE, and SWE was 
increased by hepatic congestion in patients without liver 
fibrosis [46–54] and the Fontan operation itself [55, 56]. 
A recent study found that MRE and SWE were unrelated 
to the grade of liver fibrosis in a relatively large cohort of 
patients with FALD who had undergone biopsies [22]. 

Conversely, SE is less affected by inflammation [57] and 
hepatic congestion [58, 59]. Therefore, SE might be effec-
tive in diseases affected by liver congestion such as FALD. 
However, few studies have examined its utility in the con-
text of FALD since SE is not yet as widespread as SWE 
and TE. Furthermore, it was reported that combinational 
elastography, which assesses SWE and SE simultaneously, 
had a higher predictive ability than SWE alone in distin-
guishing fibrosis stages in patients with cholestatic liver 
diseases [60] and chronic hepatitis B [60]. Therefore, we 
used combinational elastography to assess the liver status 
of patients with FALD in this study.

Patients with FALD who had clinical signs of portal 
hypertension, such as varices, ascites, and splenomeg-
aly, showed a significantly higher mortality rate, need 
for liver transplantation, and HCC incidence than those 
without clinical manifestations [61–63]. Thus, it was 
proposed that FALD with signs of portal hypertension 
should be defined as advanced FALD (aFALD) [63]. This 
study aimed to assess the usefulness of NITs, especially 
SE, in discriminating aFALD.

Patients and methods
Patients
This retrospective study included 46 Japanese patients 
with FALD who underwent ultrasound (US) elastography 
and cardiac catheterization within a standardized proto-
col at Kyushu University Hospital between February 2017 
and August 2023. Fourteen patients with FALD who did 
not undergo or underwent more of the following: labo-
ratory testing, ultrasound elastography, cardiac cathe-
terization, and imaging examinations were excluded. 
Thirty-three patients had aFALD and 13 patients had 
non-aFALD (Table  1). The median age of the patients 
was 28.0 years in the aFALD group and 22.0 years in the 
non-aFALD group. The proportion of males was 66.7% 
(22/11) in the aFALD group and 53.8% (7/6) in the non-
aFALD. All patients underwent screening tests to rule 
out other liver diseases besides FALD, such as antinu-
clear antibodies, antimitochondrial antibodies (AMA), 
hepatitis B surface antigen, anti-hepatitis C antibody, 
free T4, and thyroid-stimulating hormone. An abdomi-
nal US was performed to rule out liver injury caused by 
fatty liver, a liver tumor, or bile duct obstruction. Liver 
injury from alcohol or drugs was also ruled out. In addi-
tion to the results of these tests, patients with FALD were 
defined as those with γ-GTP elevation and/or radiologi-
cal abnormalities more than 10 years after surgery. FALD 
with clinical, endoscopic, or radiological signs of portal 
hypertension (varices, portosystemic collaterals, ascites, 
or splenomegaly) due to liver fibrosis was defined as 
aFALD [63]. The study was conducted per the principles 
outlined in the Declaration of Helsinki and authorized 
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by Institutional Review Board for Clinical Research of 
Kyushu University Hospital and Medical Institutions as 
a retrospective study (approval number: 23202–01), with 
information disclosed in an opt-out format. Therefore, 
written informed consent was waived  by Institutional 
Review Board for Clinical Research of Kyushu University 
Hospital and Medical Institutions.

Patient characteristics, laboratory tests, and serum markers 
of liver fibrosis
Patient characteristics such as age, sex, initial diag-
nosis, dominant ventricle, type of Fontan procedure, 

and the time-lapse (in years) since the procedure were 
examined. Laboratory tests including total bilirubin 
(T-Bil), albumin, aspartate aminotransferase (AST), 
alanine aminotransferase (ALT), alkaline phosphatase 
(ALP), gamma-glutamyl transferase (GGT), total cho-
lesterol, triglyceride, low-density lipoprotein (LDL) 
cholesterol, total bile acid (TBA), creatinine (Cr), pro-
thrombin time-international normalized ratio (PT-
INR), ammonia, brain natriuretic peptide (BNP), and 
complete blood counts were measured. Serum markers 
for liver fibrosis—including type IV collagen 7S, hya-
luronic acid, type III procollagen-N-peptide (P-III-P), 

Table 1 Clinical characteristics and hemodynamic data of patients with FALD

ALT alanine aminotransferase, AST aspartate aminotransferase, ALP Alkaline Phosphatase, BNP brain natriuretic peptide, CI cardiac index, CVP central venous pressure, 
FALD Fontan-associated liver disease, GGT  γ-glutamyl transpeptidase, HR heart rate, IVCP inferior vena cava pressure, LDL low-density lipoprotein, NH3 ammonia, PAP 
pulmonary artery pressure, PCWP pulmonary capillary wedge pressure, Qp pulmonary blood flow, Qs systemic blood flow, PVR pulmonary vascular resistance, SaO2 
arterial oxygen saturation, SVR systemic vascular resistance, TBA total bile acid, T-Bil total bilirubin, PT-INR prothrombin time-international normalized ratio, Vs shear 
wave velocity

non-aFALD aFALD P Value

Number of patients 13 33
Patient charactaristics

 Age (y.o.) 22.0 (19.5–31.5) 28.0 (24.0–33.0) 0.1394
 Gender (M/F) 7/6 (53.8%) 22/11 (66.7%) 0.4309
 Fontan surgery elapsed years (years) 18.0 (16.0–22.5) 25.0 (20.0–28.0) 0.0086
 Anticoagulats (Y/N) 9/2 (81.8%) 24/11 (68.6%) 0.3797
Laboratory data

 T-Bil (mg/dL) 1.0 (0.8–1.6) 1.1 (0.8–1.5) 1.0000
 Albumin (g/dl) 4.8 (4.3–4.9) 4.6 (4.3–4.8) 0.6415
 AST (U/L) 26 (19–35) 24 (21–31) 0.6958
 ALT (U/L) 27 (17–39) 24 (19–31) 0.6514
 ALP (U/L) 82 (69–111) 93 (77–110) 0.5021
 GGT (U/L) 77 (48–108) 94 (61–124) 0.2178
 Total cholesterol (mg/dL) 156 (147–180) 146 (124–165) 0.1298
 Triglyceride (mg/dL) 100 (61–117) 72 (55–101) 0.1436
 LDL cholesterol (mg/dL) 98 (81–110) 80 (67–93) 0.0609
 TBA (μmol/L) 7.0 (3.9–11.6) 12.1 (5.7–19.8) 0.0854
 Platelets (×  103/μL) 221 (203–275) 144 (113–174) 0.0001
 PT-INR 1.94 (1.55–2.29) 1.68 (1.23–1.95) 0.2179
  NH3 (μg/dL) 36 (29–40) 47 (33–61) 0.0573
 BNP (pg/mL) 10.6 (4.0–28.9) 12.1 (9.2–34.5) 0.4137
Hemodynamic data

 IVCP (mmHg) 11 (9–12) 12 (10–15) 0.1162
 PAP (mmHg) 9 (8–10) 11 (9–12) 0.0806
 PCWP (mmHg) 6 (5–10) 7 (4–10) 0.7740
 HR (bpm) 77 (65–90) 72 (66–80) 0.5672
 Qp (L/min) 3.70 (3.33–4.70) 3.86 (3.20–4.88) 0.6754
 Qs (L/min) 3.40 (3.15–3.96) 3.90 (3.43–4.67) 0.1232
 PVR (W.U.) 0.98 (0.49–1.25) 0.95 (0.52–1.33) 0.8046
 SVR (W.U.) 23.1 (17.0–27.2) 20.4 (15.3–24.2) 0.2088
 SaO2 (%) 94.5 (94.0–95.8) 94.0 (92.1–95.2) 0.2232
 CI (L/min/m2) 2.36 (2.15–3.09) 2.59 (2.21–3.07) 0.9154
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and Mac-2 binding protein glycan isomer (M2BPGi)—
were also measured.

Non-invasive scores of liver fibrosis
The Fibrosis-4 (FIB-4) index, Forns index, AST-to-platelet 
ratio index (APRI), the model for end-stage liver disease 
(MELD), and MELD excluding the INR (MELD-XI) were 
calculated using the published formulas shown below [16].

Hemodynamic data
Hemodynamic data such as cardiac catheterization, includ-
ing inferior vena cava pressure (IVCP), pulmonary artery 
pressure (PAP), pulmonary capillary wedge pressure 
(PCWP), heart rate (HR), pulmonary blood flow (Qp), sys-
temic blood flow ratio (Qs), pulmonary vascular resistance 
(PVR), systemic vascular resistance (SVR), arterial oxygen 
saturation  (SaO2), and cardiac index (CI), were examined. 
Imaging tests included at least one of the following: US, CT, 
and MRI. Cardiac catheterization was performed within 
five years of US elastography.

Combinational elastography of the SWE and SE
Patients fasted for more than 4 h, elevated their right upper 
limbs in a supine position, and had SWE and SE (Combi-
national Elastography) evaluated simultaneously by three 
experienced hepatologists (K.I., T.H., and T.A.) using the 
ARIETTA 850 (FUJIFILM Medical Co., Ltd., Tokyo, Japan). 
The region of interest was placed at least 10 mm below the 
liver capsule on the B-mode image, and SWE and SE were 
measured using Shear Wave Measurement (SWM) and 
Real-time Tissue Elastography (RTE), respectively. The data 
was represented as the median value of 10 LSMs, and its 
reliability was screened according to the following criteria: 
success rate 60% (percentage of valid measurements out of 
all measurements), and interquartile range < median 30%. 
SWM quantified the shear wave velocity (Vs). RTE quanti-
fied nine features, including the mean and standard devia-
tion of the relative strain value, the ratio and complexity of 
the blue area in the region of interest, skewness, kurtosis, 
entropy, inverse difference moment, and angular second 
moment. The liver fibrosis index (LFI) for each frame was 
calculated using the following nine features and the for-
mula below, as previously reported [64, 65].

FIB-4 index = (Age× AST)/(platelet count×
√
ALT)

Forns index = 7.811− 3.131× ln (platelet count)+ 0.781× ln (GGT)+ 3.467× ln (Age)− 0.014 × (total cholesterol)

APRI = AST/AST(upper limit of normal)/platelet count× 100

MELD = 9.57× ln (Cr)+ 3.78× ln (T-bil)+ 11.20× ln (PT-INR)+ 6.43

MELD-XI = 11.76× ln (Cr)+ 5.11× ln (T-bil)+ 9.44

LFI = (−0.009×means)− (0.005× SD)+ 0.023× percentage area + 0.025× complexity + (0.775× skewness)

− (0.281× kurtosis)+ 2.083× entropy + (3.042× inverse difference moment)+ 39.979× angular second moment − 5.542

Statistical analysis
Quantitative variables were presented as median values 
with interquartile ranges while categorical variables were 
presented as frequencies with percentages. As test of sig-
nificance, comparisons between categorical and quan-
titative variables were performed using the chi-square 
test and the Wilcoxon rank-sum test, respectively. In this 
report, p-values less than 0.05 were considered statisti-

cally significant. The diagnostic accuracies were evaluated 
using receiver operating characteristic (ROC) analyses. 
Optimal cut-off values were chosen to maximize the sum 
of the sensitivity and specificity on the Youden index. The 
relationships between the LFI and other variables were 
evaluated using Spearman’s rank correlation coefficient. 
Statistical analyses were performed using JMP® 16.0.0 
(SAS Institute Inc., Cary, NC).

Results
Clinical characteristics of patients with FALD
Table  1 shows the clinical characteristics and hemody-
namic data of the patients with FALD. The median time 
elapsed since the Fontan procedure was significantly 
longer in the aFALD group than in the non-aFALD group 
(25.0 vs. 18.0 years, P = 0.0086). The rate of use of antico-
agulants did not differ significantly between the aFALD 
and non-aFALD groups, although anticoagulant use 
tended to be more common in the latter group [aFALD 
24/11 (68.6%) vs. non-aFALD 9/2 (81.8%), P = 0.3797). 
The platelet counts in the aFALD group were signifi-
cantly lower than those in the non-aFALD group (aFALD 
144 ×  103/μl vs. non-aFALD 221 ×  103/μl, P = 0.0001). 
Hemodynamic data did not differ significantly between 
the aFALD and non-aFALD groups, although IVCP and 
PVP tended to be high (IVCP; aFALD 12 mmHg vs. non-
aFALD 11 mmHg, P = 0.1162, PVP; aFALD 11 mmHg 
vs. non-aFALD 9 mmHg, P = 0.0806). Table 2 shows the 
diagnosis and type of Fontan procedure for patients with 
FALD. Double outlet right ventricle (n = 12) was the most 
frequent initial diagnosis. Fontan procedures included an 
extracardiac conduit in 34 patients and a lateral tunnel in 
12 patients. Four patients were diagnosed with asplenia 
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and five were diagnosed with polysplenia. All patients 
with asplenia were non-aFALD, whereas only one patient 
with polysplenia was non-aFALD.

Non-invasive tests (NITs) of patients with FALD
The NITs of the patients with FALD are summarized in 
Table 3. The serum markers of liver fibrosis did not differ 
significantly between the aFALD and non-aFALD groups. 
Among the non-invasive scores, the FIB-4 index, Forns 
index, and APRI were significantly higher in the aFALD 
group than in the non-aFALD group (FIB-4 index: aFALD 
1.04 vs. non-aFALD 0.56, P = 0.0003, Forns index: aFALD 
5.35 vs. non-aFALD 2.60, P = 0.0001, APRI: aFALD 0.56 
vs. non-aFALD 0.41, P = 0.0023, respectively). MELD and 
MELD-XI did not differ significantly between the aFALD 
and non-aFALD groups. The LFI derived from SE was sig-
nificantly higher in the aFALD group compared with the 
non-aFALD group (aFALD 2.48 vs. non-aFALD 1.82, P = 
0.0008). However, the shear wave velocity (Vs) measured 
by SWE did not differ significantly between the aFALD 
and non-aFALD groups (aFALD 2.06 vs. non-aFALD 
1.83, P = 0.0970). The correlation between histological 
fibrosis and NITs was investigated in patients with FALD 
who were able to obtain tissue samples (Supplemental 

Table 1). It was observed that a considerable number of 
NITs, including Type IV collagen 7S and hyaluronic acid, 
exhibited variability within the same histological fibrosis, 
although the LFI demonstrated a certain degree of con-
sistency with the aforementioned histological fibrosis.

Relationship between LFI and other indicators of liver 
fibrosis
Figure  1 shows the relationship between LFI and other 
indicators of liver fibrosis. Type IV collagen 7S and plate-
let counts had a significant correlation with the LFI (type 
IV collagen 7S: R = 0.335, P = 0.0243, platelet counts: 
R = − 0.332, P = 0.0258, respectively). The non-invasive 
scores and SWE had no significant correlation with the 
LFI. Figure 2 shows the relationship between the LFI and 
laboratory data. Albumin, total cholesterol, and LDL 
cholesterol—which are related to the liver’s synthetic 
function—all showed significant correlations with the 
LFI (albumin: R = − 0.401, P = 0.0063, total cholesterol: 
R = − 0.468, P = 0.0014, LDL cholesterol: R = − 0.393, P = 
0.0083, respectively). The LFI also showed a significant 
correlation with total bile acid and ammonia levels (total 
bile acid: R = 0.479, P = 0.0010, ammonia: R = 0.396, P = 
0.0078, respectively).

Diagnostic accuracies of platelet counts, noninvasive 
scores, and US elastography for aFALD
Platelet counts, FIB-4 index, Forns index, APRI, and LFI 
all had moderate diagnostic accuracies  (Table 4), but Vs 

Table 2 Diagnosis and type of Fontan procedure in patients 
with FALD

AVSD atrioventricular septal defect, ccTGA  congenitally corrected transposition 
of the great arteries, DILV double inlet left ventricle, DORV double outlet right 
ventricle, FALD Fontan-associated liver disease, PA/IVS pulmonary atresia with 
intact ventricular septum, MA mitral atresia, LV left ventricle, RV right ventricle, 
TA tricuspid atresia

Characteristics

Initial diagonosis

 DORV 12 (26.1%)
 DILV 8 (17.4%)
 TA 7 (15.2%)
 PA/IVS 3 (6.5%)
 MA 3 (6.5%)
 Unbalanced AVSD 3 (6.5%)
 ccTGA 2 (4.4%)
 Others 8 (17.4%)
Dominant ventricle

 RV 26 (56.5%)
 LV 19 (41.3%)
 Balanced 1 (2.2%)
Type of Fontan procedure

 Lateral tunnel 12 (26.1%)
 Extra-cardiac conduit 34 (73.9%)
 Heterotaxy 9 (19.6%)
 Asplenia 4 (8.7%)
 Polysplenia 5 (10.9%)

Table 3 The noninvasive assessment of the patients with FALD

APRI AST to Platelet Ratio Index, FALD Fontan-associated liver disease, FIB-4 index 
fibrosis-4 index, LF Index Liver Fibrosis Index, MELD model for end-stage liver 
disease, M2BPGi Mac-2 binding protein glycan isomer, P-III-P type III procollagen-
N-peptide, Vs shear wave velocity

Variables non-aFALD aFALD P Value

(Serum markers)

 Type IV collagen 7S 
(ng/mL)

5.0 (4.3–5.8) 5.7 (4.8–7.0) 0.0508

 Hyaluronic acid (ng/
mL)

22 (9.5–26.5) 27 (16.5–44.5) 0.1124

 P-III-P (U/mL) 11.0 (8.8–13.3) 11.7 (9.0–13.7) 0.5816
 M2BPGi (C.O.I.) 0.26 (0.21–0.33) 0.32 (0.26–0.50) 0.1033
(Noninvasive tests)

 Forns index 2.60 (1.78–3.86) 5.35 (4.08–6.35) 0.0003
 FIB-4 index 0.56 (0.41–0.67) 1.04 (0.77–1.27) 0.0001
 APRI 0.41 (0.29–0.47) 0.56 (0.46–0.79) 0.0023
 MELD 11.5 (8.1–13.8) 9.4 (5.5–12.3) 0.3055
 MELD-XI 5.1 (3.2–9.0) 5.0 (3.5–9.1) 0.9029
(Elastography)

 LF Index 1.82 (1.47–2.36) 2.48 (2.26–2.76) 0.0008
 Vs (m/s) 1.83 (1.46–2.09) 2.06 (1.80–2.95) 0.0970
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Fig. 1 Relationship between the LF Index and other fibrosis indicators. APRI, AST to Platelet Ratio Index; FIB-4 index, fibrosis-4 index; LF Index, Liver 
Fibrosis Index; MELD, model for end-stage liver disease; M2BPGi, Mac-2 binding protein glycan isomer; P-III-P, type III procollagen-N-peptide; Vs, 
shear wave velocity

Fig. 2 Relationship between the LF Index and laboratory data. ALT, alanine aminotransferase; AST, aspartate aminotransferase; ALP, Alkaline 
Phosphatase; BNP, brain natriuretic peptide; GGT, γ-glutamyl transpeptidase; LF Index, Liver Fibrosis Index; LDL, low-density lipoprotein;  NH3, 
ammonia; TBA, total bile acid; T-bil, total bilirubin; PT-INR, prothrombin time-international normalized ratio
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derived from SWE had low diagnostic accuracy (AUROC 
0.66). The most appropriate cut-off value for diagnosing 
aFALD by platelet counts was 185 ×  103/μL, with 78.8% 
sensitivity and 92.3% specificity. While 25/26 (96.2%) of 
the patients with FALD who had platelet counts ≤ 185 
×  103/μL were aFALD, 8/20 (40.0%) of the patients with 
FALD who had platelet counts > 185 ×  103/μL were also 
aFALD, indicating the need for the identification of addi-
tional markers.

Diagnostic accuracies of noninvasive scores and US 
elastography for aFALD with platelet counts > 185 ×  103/μL
To discriminate aFALD among the patients with FALD 
who had platelet counts of > 185 ×  103/μL, we assessed 
the diagnostic accuracy of noninvasive scores and US 
elastography in this population (Table  5). The AUROC 
for diagnosing aFALD was 0.69, 0.61, 0.57, and 0.51 for 
the FIB-4 index, Forns index, APRI, and SWE, respec-
tively, which was insufficient to diagnose aFALD. On the 

other hand, the AUROC was 0.84 using SE, indicating 
moderate diagnostic accuracy. The most appropriate SE 
cut-off value was 2.21, with 100% sensitivity and 75.0% 
specificity. Using a two-step approach—discriminating 
aFALD with platelets ≤ 185 ×  103/μL by platelets alone, 
and for those with higher platelets, requiring LFI > 2.21—
yielded a combined sensitivity and specificity of 100% 
and 69.2%, respectively.

Discussion
FALD is one of the crucial complications of the Fon-
tan procedure because the prevalence of advanced liver 
fibrosis and cirrhosis increases with the number of post-
operative years [4, 5, 8–10], and patients with signs of 
portal hypertension or advanced fibrosis have poor prog-
noses [8, 62]. Therefore, an accurate assessment of the 
liver condition is required to determine the prognosis of 
patients undergoing the Fontan procedure by NITs.

Platelet counts and noninvasive scores, which include 
platelet counts as a variable (FIB-4 index and Forns 
index), were correlated with aFALD in our study (Tables 1 
and 3). The platelet count cut-off value of 184.6 ×  103/μL 
could identify severe fibrosis (CHFS 3–4) in FALD in a 
previous report [8]. This aligned with our results; how-
ever, 8/20 (40.0%) of the patients with FALD who had 
platelet counts of > 185 ×  103/μL had aFALD in our study, 
highlighting the need for additional markers to be iden-
tified. Among the patients with FALD who had platelet 
counts of > 185 ×  103/μL, only SE showed moderate diag-
nostic accuracy (Table 5). These results suggest that the 
combination of platelet counts and LFI could more accu-
rately distinguish aFALD.

LSM is divided into MRE and US elastography, with 
the latter subdivided into TE, SWE, and SE. SWE is 
the method that uses a focused acoustic radiation force 
impulse within the liver. This focused acoustic radiation 
force impulse gives rise to shear waves in the liver, and 
the speed of the waves is measured. MRE is a method in 
which a pneumatic passive driver is placed over the right 
upper quadrant abdominal wall, and modified phase-
contrast pulse sequences are used to track mechanically 
induced shear waves within the liver [23]. On the other 
hand, SE evaluates tissue deformation by manual com-
pression or physiological motion, while SWE and MRE 
measure the speed of shear waves in tissues. The precise 
mechanism through which SE exhibits a lesser response 
to hepatic congestion and inflammation is yet to be elu-
cidated; however, the difference in measurement mecha-
nisms may be related to SE being less affected by hepatic 
congestion. The lack of correlation between Vs (SWE) 
and LFI in this study was presumably due to the conges-
tion affecting SWE (Fig.  1). The diagnostic accuracy of 

Table 4 Diagnostic accuracy of serum markers, noninvasive 
tests, and ultrasound elastography for advanced FALD

APRI AST to Platelet Ratio Index, FALD Fontan-associated liver disease, FIB-4 index 
fibrosis-4 index, LF Index Liver Fibrosis Index, Vs shear wave velocity

Variables Cut off Sensitivity Specificity AUROC

(Serum markers)

 Platelets (×  103/μL) 185.0 78.8 92.3 0.87
(Noninvasive tests)

 FIB-4 index 0.71 84.7 84.9 0.88
 Forns index 3.01 93.9 69.2 0.84
 APRI 0.45 79.8 76.9 0.79
(Elastography)

 LFIndex 1.88 96.9 62.5 0.82
 Vs (m/s) 2.06 51.5 76.9 0.66

Table 5 Diagnostic accuracy of serum marker, noninvasive tests, 
and ultrasound elastography for advanced FALD with platelet 
≥ 185 ×  103/μl

APRI AST to Platelet Ratio Index, FALD Fontan-associated liver disease, FIB-4 index 
fibrosis-4 index, LF Index Liver Fibrosis Index, Vs shear wave velocity

Variables Cut off Sensitivity Specificity AUROC

(Serum markers)

 Platelets (×  103/μL) 239.0 87.5 41.8 0.57
(Noninvasive tests)

 FIB-4 index 0.49 87.5 50.0 0.69
 Forns index 3.01 75.0 66.7 0.61
 APRI 0.45 75.0 59.4 0.57
(Elastography)

 LFIndex 2.21 100 75.0 0.84
 Vs (m/s) 1.57 87.5 41.8 0.51
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LFI for discriminating aFALD was moderate and compa-
rable to those of platelet counts, the FIB-4 index, and the 
Forns index (Table  4). LFI had a significant correlation 
with platelet counts and type IV collagen 7S, which are 
commonly used as indicators of fibrosis, as well as with 
albumin, total cholesterol, ammonia, and total bile acid, 
which are indicators of protein synthesis, detoxification, 
and portal hypertension, implying that LFI may primarily 
reflect liver fibrosis (Figs. 1 and 2). However, it should be 
noted that congestion-related factors (fluid status, CVP, 
heart failure symptoms) were not controlled and could 
confound the association between elastography results 
and true fibrosis.

To the best of our knowledge, only one report on SE 
in the FALD setting exists. Koizumi et  al. investigated 
TE, SWE, SE, and hepatic vein waveforms, which were 
previously linked to the liver fibrosis of FALD [66], as 
alternative markers of CI in patients with FALD [67]. 
They discovered that hepatic vein waveforms were 
useful indicators for predicting decreased CI and LFI 
increase over time following the Fontan procedure; 
however, no direct correlations between LFI and liver 
fibrosis or signs of portal hypertension were identified 
in their study. To the best of our knowledge, ours is the 
first to show that LFI derived from SE can discriminate 
patients with FALD who have signs of portal hyperten-
sion. SE might also be useful in assessing the liver con-
dition in patients with heart diseases other than FALD.

Since a of 73 Fontan patients discovered that the pres-
ence of esophageal varices, along with other clinical 
manifestations of portal hypertension, was associated 
with an increased risk of death, heart transplantation, 
and HCC [61], the European Association for The Study 
of the Liver and the European Reference Network on 
Rare Liver Diseases proposed screening for esophageal 
varices for staging [63]. Recently, the term “cirrhosis” 
was replaced by the term “advanced chronic liver dis-
ease” based on NITs at the Baveno VI conference, as 
cirrhosis is diagnosed pathologically by invasive liver 
biopsy [68]. Interestingly, the conference identified 
patients who can avoid screening endoscopy for varices 
based on the criterion consisting of platelet counts and 
LSM (platelet counts > 150 ×  103/μL and LSM by TE 
< 20 kPa) [68]. It is consistent with our findings that 
aFALD can be distinguished by the criterion of platelet 
counts and LFI derived from SE. SE can be a useful tool 
for aFALD detection, and the early detection of aFALD 
has the potential to improve the prognosis of patients 
by providing an opportunity for intervention—includ-
ing the testing of patients by hepatologists—at an ear-
lier stage.

There was a high incidence of asplenia in the non-
aFALD group in the current study. The relationship 

between asplenia and non-aFALD in this study was 
unclear, perhaps due to the small sample size.

The study has several limitations. First, the small sam-
ple size and the retrospective design could have taken a 
toll on the study’s power and the generalizability of its 
results. The results may differ for studies conducted on 
larger Fontan populations. The findings need to be vali-
dated in a larger, prospective, longitudinal, and mul-
ticenter cohort to adjust for various cofounders and 
avoid biases. Second, the discrepancy between cardiac 
catheterization and abdominal US could influence the 
patient’s condition. Some patients had additional medi-
cation that altered their hemodynamics. A prospective 
study with synchronized elastography and catheteriza-
tion is required. Third, the relationship between histo-
logical findings and NITs was not sufficiently investigated 
because only a small number of patients underwent liver 
biopsies. Whether or not FALD is advanced has been 
shown to have significant prognostic value in patients 
with FALD [62]. However, further research is required to 
validate and noninvasive findings.

Conclusions
Platelet counts, noninvasive scores that include plate-
let counts as a variable (FIB-4 index and Forns index), 
and SE-derived LFI are useful indicators for diagnos-
ing aFALD. Using a two-step approach, discriminating 
aFALD with platelets ≤ 185 ×  103/μL by platelets alone, 
and for those with higher platelets, requiring LFI > 2.21 
could discriminate aFALD with high accuracy. Early 
aFALD detection and prompt intervention, including 
testing for aFALD, may lead to improved prognosis for 
aFALD.
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