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Abstract

Introduction: Liver fibrosis and cirrhosis are one of the critical complications in Fontan patients.
However, there are no well-established non-invasive and quantitative techniques for evaluating
liver abnormalities in Fontan patients. Intravoxel incoherent motion diffusion-weighted imag-
ing withMRI is a non-invasive and quantitative method to evaluate capillary network perfusion
and molecular diffusion. The objective of this study is to assess the feasibility of intravoxel
incoherent motion imaging in evaluating liver abnormalities in Fontan children. Materials
and Methods: Five consecutive Fontan patients and four age-matched healthy volunteers were
included. Fontan patients were 12.8 ± 1.5 years old at the time of MRI scan. Intravoxel
incoherent motion imaging parameters (D, D*, and f values) within the right hepatic lobe were
compared. Laboratory test, ultrasonography, and cardiac MRI were also conducted in the
Fontan patients. Results of cardiac catheterization conducted within one year of the intravoxel
incoherent motion imaging were also examined. Results: In Fontan patients, laboratory test and
liver ultrasonography showed almost normal liver condition. Cardiac catheter andMRI showed
good Fontan circulation. Cardiac index was 2.61 ± 0.23 L/min/m2. Intravoxel incoherent
motion imaging parameters D, D*, and f values were lower in Fontan patients compared with
controls (D: 1.1 ± 0.0 versus 1.3 ± 0.2 × 10−3 mm2/second (p = 0.04), D*: 30.8 ± 24.8 versus
113.2 ± 25.6 × 10−3 mm2/second (p < 0.01), and f: 13.2 ± 3.1 versus 22.4 ± 2.4% (p< 0.01),
respectively). Conclusions: Intravoxel incoherent motion imaging is feasible for evaluating liver
abnormalities in children with Fontan circulation.

Introduction

Liver fibrosis and cirrhosis are one of the critical complications in Fontan patients. In adult
patients with normal heart structure, there are multiple methods to evaluate parenchymal liver
abnormalities, including ultrasonography, contrast-enhanced computed tomography, biopsy,
and elastography. However, there have been no well-established non-invasive and quantitative
techniques to evaluate liver abnormalities in Fontan patients. Transient ultrasound elastography
and magnetic resonance elastographies are prevalently used to assess liver fibrosis because they
are non-invasive and quantitative techniques. However, fibrosis assessed by elastography can
be overestimated with elevated central venous pressure, which is a major limitation in using
elastography in Fontan patients.1–4

Intravoxel incoherent motion diffusion-weighted imaging is a non-invasive and quantitative
method for the assessment of diffuse liver disease. Intravoxel incoherent motion imaging was
initially described by Le Bihan et al in brain imaging.5–8 They defined intravoxel incoherent
motion as the microscopic translational motions that occur in each image voxel in MRI. In
biological tissues, signal decay with an intravoxel incoherent motion diffusion-weighted imaging
sequence follows a biexponential curve, which accounts for a double component of diffusion –
presumably, pure molecular diffusion and perfusion-related diffusion. Therefore, intravoxel
incoherent motion imaging can measure the values related to pure molecular diffusion affected
by histological structure and capillary network perfusion, separately.5–7,9–15

Liver fibrosis and cirrhosis are associated with extracellular matrix accumulation, which may
affect both capillary perfusion and diffusion. Thus, intravoxel incoherent motion imaging is
being recognised as a sensitive way to detect structural and perfusion abnormalities in fibrotic
and cirrhotic livers in the setting of normal heart structure. Intravoxel incoherent motion imag-
ing has been successfully applied to the assessment of liver fibrosis and cirrhosis in adult patients
with normal heart structure.10,16–20

Intravoxel incoherent motion imaging may be a potential tool for detecting liver abnormal-
ities without being affected by central venous pressure in patients with Fontan circulation.
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Dijkstra et al showed the feasibility of intravoxel incoherent motion
imaging in young adult Fontan patients (mean-age, 19 years) com-
pared with healthy adults (mean-age, 33 years).21 It remains unclear
that how intravoxel incoherent motion imaging values differ in
children with Fontan circulation compared to healthy children.
The objective of this study is to assess the feasibility of intravoxel
incoherent motion imaging for evaluating liver abnormalities in
Fontan children.

Materials and Methods

Patients

This prospective study was approved by our institutional Research
and Ethics Committee and written informed consent was obtained
from all patients. We enrolled five consecutive Fontan patients at
our outpatient clinic. Four age-matched healthy volunteers were
included as controls. In Fontan patients, blood examination, liver
ultrasonography, cardiac MRI, and intravoxel incoherent motion
imaging were conducted. In control patients, only liver intravoxel
incoherent motion imaging was conducted.

Cardiac function analysis

During a cardiac MRI, phase-contrast flow volume analyses at
inferior caval vein and superior caval vein were conducted. The
sum of these flow volumes was considered for systemic blood
flow. Quantitative flow measurements from phase-contrast images
were obtained with spontaneous breathing to avoid change in
hemodynamic status. The results of cardiac catheterization con-
ducted within 1 year of the intravoxel incoherent motion imaging
were also reviewed.

Liver function analysis (blood examination, ultrasonography)

Laboratory testing assessed included platelet count, total bilirubin,
aspartate aminotransferase, alanine aminotransferase, gamma-
glutamyl transpeptidase, hyaluronic acid, procollagen III N-terminal
peptide, type IV collagen 7s, and brain natriuretic peptide. Liver size,
form, margin, abnormal lesion, portal vein, and hepatic vein flow
were assessed with liver ultrasonography.

Liver intravoxel incoherent motion imaging and analysis

All MRI was performed with a 1.5 Tesla MRI scanner; Signa HDxt
Ver. 23 with 8-Channel cardiac coil (GE Healthcare, Milwaukee,
United States of America). MRI was performed after more than
2 hours of fasting to avoid the change of portal blood flow during
food digestion.

The intravoxel incoherent motion imaging sequence was per-
formed by using respiratory triggered single-shot echo-planar imag-
ing spin-echo sequence with 11 b values (parameters in Table 1).
Circular region of interests with 26.5 mm diameter each was placed
manually in each right lobe among Segments 5–8, putting aside
extrahepatic fat, large hepatic vessels, and large bile ducts. The left
hepatic lobe was excluded due to potential cardiac motion artifacts
that could interfere with accurate measurement of intravoxel
incoherent motion imaging parameters.16 The recorded signal
intensity was obtained at each b value by averaging the mean signal
intensity in each region of interest.

According to intravoxel incoherent motion imaging theory,5–8

the biexponential model fitting was used to calculate the signal
attenuation as a function of b as follows:

SIb¼ SI0½ 1� fð Þ � exp�b�D þ f � exp�b�ðD�þDÞ� (1)

where SIb is the signal intensity at a given b value and SI0 is the signal
intensity for b = 0 second/mm2 and is proportional to exp−TE/T2,
respectively. In this scanning protocol, we scanned liver on diffu-
sion-weighted imaging first, and we analysed intravoxel incoherent
motion imaging values off-line after scan.Within a single scan, three
intravoxel incoherent motion imaging values (D, D*, and f values)
are calculated. D value reflects pure molecular diffusion, which is
affected by changes in cell density and histological structure.5,6,10

A decreased D value in chronic liver disease reflects an increase
in connective tissue, which changes the cell density and histological
structure.19 D* is the pseudo-diffusion coefficient representing the
capillary perfusion within the voxel, and f is the perfusion fraction
related to the capillary perfusion. Both D* and f values are surrogate
markers of capillary liver perfusion,10 and a decreased D* or f value
reflects decreased capillary perfusion. Dijkstra et al showed that D*
and f values in liver reflect capillary perfusion in a way resembling
contrast-enhanced MRI.20

Intravoxel incoherent motion imaging parameters (D, D*, and f
values) were calculated by using a partially constrained non-linear
regression algorithm based on equation (1). All regression
algorithms were based on least-square fits and performed with
Osirix DICOM Viewer (Pixmeo SARL, Geneva, Switzerland)
plugin tool; ADC Map Calculation (Stanford University,
California, United States of America). The D, D*, and f values were
averaged over Segments 5–8.

Statistical analysis

Data are described as mean ± standard deviation. Comparison of
intravoxel incoherent motion imaging parameters between
Fontan patients and controls were performed using a student t-test.
Heterogeneity of intravoxel incoherent motion imaging parame-
ters among Segments 5–8 was assessed using analysis of variance
(ANOVA). Statistical significance was defined as a p value of less
than 0.05. Statistical analyses were performed using JMP 9 (SAS
Institute Inc., Cary, United States of America).

Results

Patients’ characteristics are shown in Table 2. There were no
significant differences between Fontan patients and controls in

Table 1. Intravoxel incoherent motion imaging parameters.

Parameter Value

Scan plane Axial

Repetition time (ms) 6000 ~ 11250

Echo time (ms) 75.2

b-values (s/mm2) 0, 10, 20, 30, 50, 80, 100, 200, 400, 800, 1000

Field of view (mm) 300

Slice thickness (mm) 7

Slice gap (mm) 1.5

Parallel imaging factor ASSET: 2

Pixel bandwidth (Hz/pixel) 1953.1

Number of averages 1–4

Acquisition matrix 128 × 192
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age: 12.8 ± 1.5 versus 10.0 ± 1.9 (p = 0.06), height: 144.7± 13.8
versus 137.5 ± 11.7 cm (p = 0.46), and weight: 40.0 ± 12.4 versus
32.4± 9.6 kg (p = 0.37). There were three males and two females in
Fontan patients, and four males in controls. The underlying cardiac
diagnoses in the Fontan patients were pulmonary atresia and intact
ventricular septum (1 patient), tricuspid atresia (1 patient), Ebstein’s
anomaly (1 patient), and hypoplastic left heart syndrome (2 patients).
Fontan surgery was performed at age 2.6± 0.5 years old, and the
intravoxel incoherent motion imaging was performed 10.5 ± 1.5
years after Fontan surgery. All patients were NYHA class I.

In Fontan patients, laboratory test showed no overt abnormalities
in liver condition, fibrotic markers and brain natriuretic peptide
values (Table 3). All patients were Child-Pugh score A. Liver
ultrasonography demonstrated normal liver size, form, margin,
abnormal lesion, portal vein and hepatic vein flow in four patients,
and only one patient showed slightly dilated hepatic veins with nor-
mal other factors. Cardiac catheterization and MRI for Fontan
patients showed good Fontan circulation. The cardiac index was
2.61 ± 0.23 L/min/m2, central venous pressure was 10.2 ± 1.3
mmHg, and pulmonary vascular resistance was 1.15 ± 0.27 U×m2.

Intravoxel incoherent motion imaging parameters of liver
among Segments 5–8 in Fontan patients and controls are
shown in Table 4 (individual data are shown in Supplementary
table 1). We compared each intravoxel incoherent motion imaging
parameters averaged over Segments 5–8 between two groups. The
average values in Fontan patients were significantly lower than
controls in D: 1.1 ± 0.0 versus 1.3 ± 0.2 × 10−3 mm2/second
(p = 0.04), D*: 30.8 ± 24.8 versus 113.2 ± 25.6 × 10−3 mm2/second
(p < 0.01), and f: 13.2 ± 3.1 versus 22.4 ± 2.4% (p< 0.01) (Fig 1).
No significant difference in intravoxel incoherent motion imaging
parameters was detected among each Segment in Fontan patients:
p = 0.49 for D, p = 0.52 for D*, and p = 0.15 for f; and in controls:
p = 0.37 for D, p = 0.72 for D*, and p = 0.80 for f.

Discussion

Young Fontan patients in this study had good post-operative
hemodynamics. Although all patients showed almost normal liver
function by laboratory testing and liver ultrasonography, intra-
voxel incoherent motion imaging parameters were significantly
decreased compared to age-matched healthy controls. This
suggests that intravoxel incoherent motion imaging may detect
a pre-fibrotic liver state in young Fontan patients with good
hemodynamics.

Lu et al showed decreased D value in adult liver fibrosis com-
pared to healthy volunteers.22 A decreased D value in chronic liver

disease reflects an increase in connective tissue, which changes
the cell density and histological structure.19 D* and f values are
surrogate markers of capillary liver perfusion.10 A decreased D*
or f value reflects decreased capillary perfusion. Despite increased
cardiac output and circulating blood volume, called hyperdynamic
circulation,23–25 decreased liver perfusion exists in liver cirrhosis
with normal heart structure.10,26–29 Consistent with this phenome-
non, previous studies have demonstrated a great reduction of
perfusion-related intravoxel incoherent motion imaging parame-
ters, D* and f, in fibrotic and cirrhotic livers compared to healthy
livers in adults with normal heart structure.10,16,17,19 Thus, intra-
voxel incoherent motion imaging is being recognised as a sensitive
method to detect structural and perfusion abnormalities in fibrotic
and cirrhotic livers in the setting of normal heart structure.

Decreased D, D*, and f values in young Fontan patients in this
study were similar to those of liver fibrosis in the setting of normal
heart structure. However, these do not necessarily indicate liver
fibrosis, especially because D* and f values can be affected by
systemic blood flow, which is known to be decreased to 70% (range
50–80%) of normal for body surface area.30 However, in this study,
the D* value in Fontan patients was only 23% of healthy controls,
which was much less than the degree of expected reduction in sys-
temic blood flow. This excessive decrease may reflect the capillary
perfusion abnormality in Fontan patients. Moreover, the decreased
D value in this study cannot be explained by reduced systemic
blood flow but does indicate decreased molecular diffusion sug-
gesting a structural change of the liver. Although liver conditions
of Fontan patients studied in this study was apparently normal
based on laboratory tests and liver ultrasonography, histological
liver abnormalities of young Fontan patients with apparently nor-
mal liver function have been previously reported. On post-mortem
analyses, Schwartz et al and Johnson et al showed hepatic fibrosis
even before the Fontan operation in children.31,32 It can be postu-
lated that the significant decrease in intravoxel incoherent motion
imaging parameters in Fontan patients in this study represents
both structural and perfusion abnormalities, suggesting a pre-
fibrotic state in Fontan patients. Further investigation is required
to confirm this hypothesis.

Progressive worsening of intravoxel incoherentmotion imaging
parameters in Fontan patients has been reported by Dijkstra et al.21

Sequential intravoxel incoherent motion imaging assessment may
be especially useful because it can cancel the effect of hemodynamic
status specific to Fontan circulation (ie, reduced systemic blood
flow). Moreover, sequential intravoxel incoherent motion
imagings do not require intravenous injection of contrast agents
and can be safely done owing to non-invasiveness. Intravoxel inco-
herent motion imaging based on diffusion-weighted imaging
sequence can be performed with all up-to-date MRI scanners with-
out much additional time or special equipment. Consequently, a
single MRI scan can provide both usual circulation parameters
and intravoxel incoherent motion imaging values.

When evaluating liver abnormalities with intravoxel incoherent
motion imaging, a mean value through Segments 5–8 rather than a
single segment value in D, D*, and f should be used, as the degree of
cirrhotic changes in the liver can be heterogeneous in Fontan
patients.33 In this study, the intravoxel incoherent motion imaging
values of Fontan patients varied more than those of control group.
It may reflect the heterogeneity within the liver in Fontan patients.
Moreover, we evaluated the variability of D, D*, and f values
through Segments 5–8 in both Fontan patients and controls,
and there were no significant differences. This may suggest repro-
ducibility of intravoxel incoherent motion imaging in the liver.

Table 2. Fontan patients’ characteristics.

Age
(years) Gender

Height
(cm)

Weight
(kg) Diagnosis

Method of
Fontan

Age at
Fontan
surgery

Fontan 1 11 F 147 38 SRV ECLT 2 years

Fontan 2 12 M 126 27 PA/IVS ECLT 2 years

Fontan 3 12 M 150 54 TA ECLT 3 years

Fontan 4 14 F 138 30 Ebstein ECLT 2 years

Fontan 5 15 M 163 51 HLHS Atrial flap 3 years

Ebstein = Ebstein’s anomaly, ECLT = extracardiac lateral tunnel, F = Female,
HLHS = hypoplastic left heart syndrome, M =male, PA/IVS = pulmonary atresia with intact
ventricular septum, SRV = single right ventricle, TA = tricuspid atresia

900 K. Shiraga et al.

https://doi.org/10.1017/S1047951119001070 Published online by Cambridge University Press

https://doi.org/10.1017/S1047951119001070
https://doi.org/10.1017/S1047951119001070


This may also be due to the good hemodynamic condition of the
Fontan patients. Heterogeneity may become more prevalent with
progressive liver disease; moreover, to prevent sample error due to
this heterogeneity, we should use a mean value through Segments
5–8 in D, D*, and f.

So far, there have been no well-established quantitative and
non-invasive techniques to evaluate liver abnormalities without
being affected by central venous pressure. Although liver biopsy
is a gold standard for the diagnosis of liver fibrosis, this is an

invasive technique with risks of critical complications. Liver stiff-
ness can be assessed quantitatively and non-invasively by transient
ultrasound elastography and magnetic resonance elastography.
However, elastographies can overestimate the degree of fibrotic
change in patients with elevated central venous pressure.1–4 In
the Fontan circulation, systemic venous flow is directly connected
to the pulmonary artery bypassing the right ventricle; therefore, a
higher central venous pressure than that of normal circulation is
prerequisite for establishment of this circulation. Furthermore,

Table 3. Clinical data of Fontan patients.

Platelet T-Bil AST ALT GGTP HA P-III-P T4C7 s BNP CVP CI

( × 104/μl) (mg/dL) (U/L) (U/L) (U/L) (ng/ml) (U/ml) (ng/ml) (pg/ml) (mmHg) (L/min/m2)

Fontan 1 12.2 0.8 36 39 123 26 2.2 9.8 11.5 11 2.97

Fontan 2 27.9 0.3 29 26 52 54 1.4 7.2 55.4 10 2.59

Fontan 3 25.5 0.8 24 19 27 30 2.2 8 6.7 12 2.51

Fontan 4 19.3 0.4 24 27 38 24 0.72 7.8 4 9 2.62

Fontan 5 14.8 1.1 26 21 26 12 1.3 6.5 11.8 9 2.35

Average 19.9 0.68 27.8 26.4 53.2 29.2 1.6 7.9 17.9 10.2 2.61

SD 6.7 0.33 5.0 7.8 40.4 15.4 0.6 1.2 21.2 1.3 0.23

Normal range (15–40) (0.4–1.5) (13–30) (10–40) (13–64) (< 50) (< 1.0) (< 6.0) (< 20)

ALT = alanine aminotransferase, AST = aspartate aminotransferase, BNP = brain natriuretic peptide, CI = cardiac index, CVP = central venous pressure, GGTP = gamma-glutamyl transpeptidase,
HA = hyaluronic acid, P-III-P = procollagen III N-terminal peptide, SD = standard deviation, T4C7s = type IV collagen 7 s, T-Bil = total bilirubin

Table 4. Intravoxel incoherent motion imaging parameter values.

S5 S6 S7 S8

D
( × 10-3 mm2/second)

Fontan 1.0 ± 0.2 1.0 ± 0.1 1.1 ± 0.0 1.1 ± 0.0

Control 1.2 ± 0.2 1.2 ± 0.1 1.4 ± 0.2 1.2 ± 0.2

D*
( × 10-3 mm2/second)

Fontan 25.2 ± 21.5 14.5 ± 10.4 19.7 ± 10.5 64.0 ± 110.8

Control 98.1 ± 22.6 119.7 ± 19.3 102.4 ± 54.3 132.6 ± 70.7

F
(%)

Fontan 17.4 ± 4.7 11.8 ± 5.7 14.0 ± 7.1 9.4 ± 3.2

Control 21.0 ± 3.3 22.5 ± 2.6 24.0 ± 6.1 22.3 ± 4.1

S = Segment

Figure 1. Values of intravoxel incoherent motion (IVIM) parameters. IVIM parameters D, D*, and f in Fontan patients were significantly lower than controls. Each value is the
average of Segments 5–8 (Table 4).
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higher central venous pressure results in higher incidence of liver
fibrosis and cirrhosis. Therefore, the inability to distinguish high
central venous pressure from liver fibrosis is a major limitation
of elastography in assessing liver conditions in patients with
Fontan circulation. On the other hand, in principle, intravoxel
incoherent motion diffusion-weighted imaging is able to detect
structural and perfusion abnormalities of the liver without being
affected by central venous pressure. In this study, intravoxel inco-
herent motion imaging was shown to have the possibility to
detect pre-fibrotic liver state even in young children with
Fontan circulation. Whether or not serial assessment of intravoxel
incoherent motion imaging in Fontan patients can distinguish
elevation of central venous pressure from development of liver
fibrosis in older patients requires further investigation.

There are several limitations to this study. First, a small number
of patients were included in this study. Second, age distribution and
post-operative duration were limited. Future studies involving more
patients with larger hemodynamics variability are warranted. Third,
the appropriate fasting time for intravoxel incoherent motion
imaging in Fontan patients remain unclear, and 2 hours of fasting
time may be too short to evaluate liver perfusion. Fourth, intravoxel
incoherent motion imaging parameters were measured only in the
right liver lobe, and this may not reflect the overall liver condition.
Fifth, no pathological examination was conducted in this study. The
standard diagnostic method of liver fibrosis and cirrhosis is patho-
logical examination. However, liver biopsy is an invasive procedure
with possible complications.34 In addition, histological assessment of
fibrosis is also an inherently subjective process. The extent of varia-
tions from observer interpretation by expert histopathologists may
be as high as 20%.35 Moreover, it is subject to sampling variability
due to heterogeneity of liver disease in Fontan patients. Therefore,
we thought that it was unsuitable for the diagnosis of early-stage liver
abnormalities.

In conclusion, Intravoxel incoherent motion imaging is feasible
for evaluating liver abnormalities in children with Fontan circula-
tion. Close observation using intravoxel incoherent motion imag-
ing may be beneficial in these patients.
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