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INTRODUCTION

Biliary atresia (BA) is characterized by the luminal 
obstruction of the extrahepatic bile duct by a fibrous ductal 
remnant, which represents the obliterated ductal remnant 
in the porta hepatis at surgery. If infants with BA are left 
untreated, progressive liver cirrhosis leads to death by 2 
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years of age. Alagille syndrome (ALGS) is a genetic disease 
involving multiple organs with varying degrees of severity. 
The primary pathology of liver involvement is a paucity of 
intralobular bile ducts with subsequent chronic, progressive 
cholestasis (1-3). The most prevalent early clinical 
presentation of infants with ALGS is neonatal cholestatic 
jaundice. Differentiation between BA and AGS is difficult 
because of significant clinical, laboratory, radiological, and 
histopathological overlap leading to misdiagnosis. However, 
prompt discrimination of ALGS from BA is important as 
Kasai portoenterostomy is unlikely to be of value when the 
surgery is performed on infants older than 3 months of age 
with BA. Furthermore, Kasai portoenterostomy does not 
benefit infants with ALGS and may actually worsen their 
outcomes (3-5). Abnormal gallbladder shape, triangular 
cord sign, and hepatic artery enlargement are the main 
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ultrasound discriminators of BA; however, the results 
are overlapping (6, 7). The assessment of extra-hepatic 
bile ducts can be done by magnetic resonance (MR) or 
intraoperative cholangiopancreatography (8, 9). Few studies 
have discussed the role of ultrasound in the differentiation 
of BA from ALGS because both present early with neonatal 
cholestasis (10, 11).

Diffusion-weighted imaging (DWI) exploits the 
translational Brownian motion of water protons by 
applying pairs of opposing magnetic field gradients. 
DWI has been used for the characterization of pediatric 
tumors, grading of hepatic fibrosis in infants and adults 
(12-16), and assessment of hepatic fibrosis in BA (14). 
Diffusion tensor imaging (DTI) is a recently introduced MR 
technique to assess tissue structure that provides insight 
into the micro-movements of water molecules and can 
be used to characterize different tissue compartments 
at the cellular level with different matrices. DTI utilizes 
additional gradients in various dimensions and has potential 
advantages for the estimation of fibrosis because different 
diffusion directions are calculated (17, 18). The parameters 
commonly used in DTI are fractional anisotropy (FA) and 
mean diffusivity (MD). The MD estimates the sum of the 
average diffusion properties of water molecules within each 
voxel to provide apparent diffusion coefficient (ADC) values 
over three orthogonal planes, assuming isotropy along each 
direction of movement. FA captures the directionality of 
diffusion and is considered an index for diffusion asymmetry 
within a voxel (18, 19). Different organs and tissues have 
different diffusion characteristics; among these, the liver 
has an anisotropic diffusion pattern due to its randomly 
organized structures, unlike the diffusion patterns of the 
kidney and brain (20). Several studies have verified the 
importance of DTI for assessing liver fibrosis using MD and 
FA (21-24) and have discussed the value of DTI in neonatal 
cholestasis using tailored and adapted DTI sequences for the 
differentiation of pediatric liver diseases (25-27). One study 
reported that hepatic MD can be used as an adjunct to other 
non-invasive imaging methods in the differential diagnosis 
of BA and non-BA, in which the MD showed a decreasing 
trend, whereas the FA showed an increasing trend with 
increasing fibrotic stage of BA (25). Another study added 
that DWI can be used for the evaluation of focal and diffuse 
liver diseases in pediatric patients using either mono-
exponential, bi-exponential, or stretched DWI modules (27). 
In this study, we aimed to assess DTI parameters of hepatic 
parenchyma for the differentiation of BA from ALGS.

MATERIAL AND METHODS

Patients
This prospective study was approved by the Institutional 

Review Board (MS/16.12.29) and informed consent was 
obtained from the parents of the infants. This included 
infants with cholestatic jaundice who were referred to the 
radiology department between March 2013 and November 
2018. The inclusion criteria were infants with cholestatic 
jaundice and unconjugated hyperbilirubinemia. The 
exclusion criteria were infants older than 3 months of age, 
unbiopsied cases, technically limited DTI examination of 
the liver, and diagnosis other than BA and ALGS. Technically 
limited DTI was reported in two patients due to infant 
motion artifacts during the MR examination. The final study 
group included 44 infants (30 girls, 14 boys, aged 24–90 
days) with pathologically proven BA (n = 32) and ALGS 
(n = 12). Biochemical liver function tests were evaluated, 
including total and direct bilirubin and gamma-glutamyl 
transferase (γGT) levels.

MR Imaging
All MR images were acquired on a 1.5T superconducting 

body scanner (Ingenia, Philips Healthcare) using a 
16-element phased-array surface coil (dStream Torso coil, 
Philips Healthcare) with a posterior body coil embedded 
in the table (dStream Total Spine coil, Philips Healthcare). 
The machine was equipped with a self-shielding high-
performance gradient set (30 mTm maximum gradient 
strength). All patients were fasted for 4–6 hours before 
the study. Sedation was achieved using oral chloral hydrate 
(70–80 mg/kg body weight administered 30 minutes 
before the MR examination). Conventional MR of the upper 
abdomen was first performed with the following parameters: 
routine axial T1-weighted images (repetition time [TR]/
echo time [TE] = 500/20 ms) and T2-weighted images (TR/
TE = 6000/80 ms) were obtained. Free-breathing single-
shot echo-planar imaging DTI of the liver using mono-
exponential curve fitting of the diffusion module was 
performed using parallel imaging. We used three b-values 
(0, 400, and 800 s/mm2). The diffusion gradients were 
applied in six directions (x, y, z, xy, yz, and xz) and the 
following sequence parameters were used: TR/TE = 3596/70 
ms, matrix = 64 x 64, interpolated to 256 x 256, six slices 
= 7–8 mm, interslice gap = 0.8–2 mm, average number = 1, 
echo-planar imaging factor = 35, field of view = 22–25 cm, 
and total scan duration = 7–8 minutes.
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Image Analysis
Image analysis was performed by two radiologists expert 

in hepato-biliary imaging for 25 and 15 years respectively 
who were blinded to the clinical presentation and final 
pathological results. The images were transferred to the 
workstation (extended MR Workspace 2.6.3.5, Philips 
Healthcare). All conventional MR images were first 
evaluated for the presence of abnormal signal intensity 
of the hepatic parenchyma. The images were then loaded 
to the DTI software workstation (View Forum 7.2.0.1 
exported patient image data, Philips Healthcare). Overall 
DTI image quality for parenchyma structure discrimination, 
distortion, and motion artifacts was assessed. Co-
registration of the DTI maps to T2-weighted images was 
done for accurate placement of the regions of interest. 
Three round regions of interest, each measuring 20 mm2, 
were placed using an electronic cursor at both liver lobes 
to ensure measurement of the whole hepatic parenchyma. 
The selected regions of interest (ROIs) were small and 
carefully set in a homogeneous area of hepatic parenchyma 
to avoid the vascular and biliary structures and 1 cm from 
the lateral border of the liver (Fig. 1). Care was taken to 
place the ROIs of the left liver lobe below the level of the 
portal vein to avoid motion artifact resulting from cardiac 
motion. The ROIs were small owing to the tiny size of the 
neonates. The ROIs were placed on three consecutive slices 
to automatically calculate the FA and MD values. The final 
FA and MD values used for analysis were the mean values 
of the nine ROIs. The FA values ranged from 0 to 1, were 
1 indicated those structures allowing diffusion only along 
a single direction, whereas structures allowing completely 
free or isotropic diffusion should result in an FA of 0.

Pathology
All infants underwent ultrasound-guided Tru-Cut liver 

biopsy and the pathological specimens were evaluated by 
an expert pediatric pathologist. BA was diagnosed based on 
the presence of bile duct proliferation and bile plugs, while 
the diagnosis of hepatic involvement by ALGS was based on 
the paucity of intralobular biliary ducts (Fig. 2).

Statistical Analysis
The statistical analyses were performed using Statistical 

Package for Social Science version 10 (SPSS). The mean and 
standard deviation of the MD and FA values for BA and ALGS 
were calculated. Statistical differences were compared using 
either Fisher’s exact test for categorical variables and two-
sample t- or Mann-Whitney tests for continuous variables. 
Pearson correlations were used to estimate the proportion 
of inter-reader agreement for DTI parameters. Receiver 
operating characteristic (ROC) curves were generated to 
determine the cut-off points used to differentiate BA 
from ALGS. The sensitivity, specificity, accuracy, positive 
predictive value (PPV), negative predictive value (NPV), 
and the area under the curve (AUC) were calculated. 
Spearman correlation coefficient (r) was used to estimate 
the correlations between DTI parameters and pathological 
diagnoses. P values ≤ 0.05 were considered significant at a 
95% confidence interval.

RESULTS

No statistical differences were observed in age and sex 
distributions between groups. Similarly, no significant 
differences in total and direct serum bilirubin and γGT 
levels were observed between infants with BA and those 
with ALGS (Table 1). No areas of abnormal signal intensity 
within the hepatic parenchyma were observed in either 
patient group.

Table 2 shows the MD and FA values for BA and ALGS 
determined by the two readers. Table 3 shows the results of 
the ROC curve analysis to determine the MD and FA cut-off 
values for BA and ALGS for the two readers. 

The mean hepatic MD in infants with BA was 1.56 ± 0.20 
and 1.63 ± 0.2 x 10-3 mm2/s and in infants with ALGS was 
1.84 ± 0.04 and 1.79 ± 0.03 x 10-3 mm2/s for both readers, 
respectively, with significantly strong positive interreader 
correlation (r = 0.8, p = 0.001). The hepatic MD in infants 
with BA differed significantly from that of infants with 
ALGS (p = 0.001). MD values of 1.77 and 1.79 x 10-3 mm2/s as 

Fig. 1. Localization of ROIs. MD map showing localization of three 
ROIs within hepatic parenchyma. MD = mean diffusivity, ROIs = regions 
of interest
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thresholds to differentiate BA from ALGS showed the best 
results, with accuracies of 82% and 79%, sensitivities of 
91% and 83%, specificities of 80% and 78%, PPVs of 61% 
and 56%, NPVs of 96% and 93%, and AUCs of 0.90 and 0.91 
for both readers, respectively (Fig. 3). 

The mean hepatic FA in infants with BA was 0.34 ± 0.04 
and 0.36 ± 0.04 and in infants with ALGS was 0.30 ± 0.06 
and 0.31 ± 0.05 for both readers, respectively, showing 
a very strong positive correlation (r = 0.8, p = 0.001). 
The hepatic FA in infants with BA differed significantly 
from that of infants with ALGS (p = 0.001, 0.002 for both 
readers, respectively). An FA of 0.30 and 0.28 as a threshold 
value for differentiating BA from ALGS showed the best 
results, with accuracies of 75% and 82%, sensitivities of 
81% and 93%, specificities of 58% and 50%, PPVs of 84% 
and 83%, NPVs of 54% and 75%, and AUCs of 0.69 and 0.68 
for both readers, respectively (Fig. 4). 

A significant moderate positive correlation was observed 
between hepatic DTI parameters for both readers and 
pathological diagnosis (r = 0.376, p = 0.002 for the first 
reader and r = 0.357, p = 0.003 for the second reader).

DISCUSSION

The main finding in this study was that DTI parameters 
could quantitate early microstructural changes in the 
hepatic parenchyma of infants with BA and ALGS. The 
DTI parameters showed significantly lower hepatic MD 

Fig. 2. Liver biopsy of 2 infants with cholestasis.
A. Case of BA showing portal tract expansion by loose fibrous tissue containing irregularly anastomosing bile ductules at the periphery, some 
being dilated with inspissated bile in their lumen. B. Case of ALGS with portal area containing vessels but no ducts “unpaired artery” without 
cholangiolar proliferation (both are H & E stain, with magnification x 10). ALGS = Alagille syndrome, BA = biliary atresia

A B

Table1. Demographic and Laboratory Results
BA (n = 32) ALGS (n = 12) P

Age (months) 2.3 (1.0–11.0) 2.5 (1.0–24.0) 0.290
Total bilirubin (mg/dL) 13.7 ± 1.7 12.9 ± 2.4 0.180
Direct bilirubin (mg/dL) 7.3 ± 1.09 7.6 ± 1.1 0.420
γGT (IU/L) 521 ± 82.9 564 ± 88.5 0.140

Data are presented as mean (range values) or mean ± SD. ALGS 
= Alagille syndrome, BA = biliary atresia, γGT = gamma-glutamyl 
transferase

Table 2. MD and FA of Both Readings for BA and ALGS
PALGS (n = 12)BA (n = 32)DTI

MD (x 10-3 mm2/s)

0.001
1.84 ± 0.04
(1.82–1.97)

1.56 ± 0.20
(1.23–1.95)

1st reading

0.001
1.79 ± 0.03
(1.73–1.86)

1.63 ± 0.20
(1.19–1.87)

2nd reading

FA

0.001
0.30 ± 0.06 
(0.24–0.37)

0.34 ± 0.04 
(0.22–0.40)

1st reading

0.002
0.31 ± 0.05 
(0.24–0.38)

0.36 ± 0.04 
(0.24–0.40)

2nd reading

Data are presented as mean ± SD (minimum–maximum values). 
DTI = diffusion tensor imaging, FA = fractional anisotropy, MD = 
mean diffusivity
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and significantly higher FA in infants with BA than those 
in patients with ALGS. A significant strong positive 
correlation was observed between the FA and MD for 
both readers. The DTI parameters of hepatic parenchymal 
show a significant moderate correlation with pathological 
diagnosis of BA and ALGS.

The clinical relevance of adding DTI to the workup of 
infants with neonatal cholestasis is the considerable overlap 
in clinical, laboratory, imaging, and pathological findings 
between infants with BA and those with ALGS. Ultrasound 
findings cannot differentiate between entities as these 
conditions may overlap in their pathological features 
including the paucity of interlobular bile ducts. This paucity 
is not always present in liver biopsy and the typical clinical 
features are not obviously present in all patients.

In this study, the hepatic MD of infants with BA was 
lower than that in those with ALGS while the hepatic FA in 
infants with BA was significantly higher than that in infants 
with ALGS. These findings can be explained in view of the 
underlying pathological process in these disease entities. 
Infants with BA showed destructive interlobular ducts, 
ductular proliferation, cellular biliary stasis, bile plugs, 
ductal plate malformation, inflammatory cell infiltration 
surrounding the proliferated bile ducts, porto-portal 
bridging hepatic fibrosis, and increased collagen production 
(1, 2), which are associated with restricted diffusion and 
subsequent reduction in MD (24-26) and disturbance of 
the normal isotropic diffusion within the liver parenchyma 
as well as increased anisotropy. ALGS is characterized by a 
non-destructive paucity or even absence of intralobular bile 
ducts (3, 4) due to a developmental defect in the ductal 
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Table 3. ROC Curve Results of MD and FA of Both Readings for Differentiating BA and ALGS 
AUC Cut-Off Point Sensitivity (%) Specificity (%) PPV (%) NPV (%) Accuracy (%)

MD (x 10-3 mm2/s)
1st reading 0.90 1.77 91 80 61 96 82
2nd reading 0.91 1.79 83 78 56 93 79

FA
1st reading 0.69 0.30 81 58 84 54 75
2nd reading 0.68 0.28 93 50 83 75 82

AUC = area under the curve, NPV = negative predictive value, PPV = positive predictive value, ROC = receiver operating characteristic
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plate and absence of the inflammatory response, which are 
associated with unrestricted diffusion and higher MD with 
more isotropic diffusion of the water molecules. 

A previous study reported restricted diffusion in BA with 
lower hepatic MD compared to those in controls and that 
the diffusion change of the liver parenchyma in biliary 
cirrhosis was similar to those related to cirrhosis in chronic 
hepatitis (14). Another study evaluated the diagnostic 
performance of bi-exponential and stretched exponential 
modules with ten b values in infants with neonatal 
cholestasis, reported lower ADC 10, ADC 2, fast diffusion, 
perfusion fraction, and distribution diffusion coefficient and 
higher γGT and diffusion heterogeneity index in infants with 
BA compared to those without BA, with the best results 
obtained from ADC 2 using two b values (25). Another study 
observed higher diagnostic performance for the stretched 
exponential model for determining significant hepatic 
fibrosis compared to for the mono-exponential model (26). 

The current study observed a significant difference in 
FA, which could be explained by the early investigation 
of the liver in BA before the development of fibrosis, in 
which collagen is deposited within the liver parenchyma, 
helping in the return of isotropic diffusion in the water 
molecules. The FA predominantly represents the degree of 
the directionality of water diffusion in the microstructure of 
the tissue, which is related to the orientation of different 
tissues (20-23). However, a previous study on neonatal 
cholestasis did not observe a difference in hepatic FA 
between BA and non-BA (24). This difference in findings 
may be attributed to differences in patient ages, protocols, 
and machines and parameters. 

This technique is clinically reliable and robust, as we 
adopted the sequence for infants by using free-breathing 
with a low acquisition matrix and parallel imaging to 
eliminate repository motion effects. Moreover, we used 
localization based on nine ROIs to obtain diffusion data 
from both liver lobes. Previous studies reported that 
the breath-hold technique was not possible in neonates 
and that the respiratory triggering technique was less 
reproducible than free breathing with lengthy scan time 
(24). Previous studies used ROIs on DTI that were generally 
placed on the right hepatic lobe, with an effort to avoid 
interference from the surrounding abdominal wall, vascular 
and biliary structures, and cardiac cycle (25, 26). Additional 
studies are needed to compare DTI parameters obtained 
from both liver lobes and the right lobe only.

This study has several limitations. First, the small number 

of infants limited statistical analysis. Multicenter studies 
including a large number of patients are required. Second, 
there was a bias from the selection of ROI, texture analysis, 
and machine learning of DTI parameters, which may have 
affected the results. Third, this study used DTI on 1.5T 
scanners; further multiparametric study using DTI on higher-
powered scanners combined with contrast, MR imaging, 
and proton MR spectroscopy will improve the results (28). 
Fourth, we did not include neonatal hepatitis, although it 
is one of the two most common causes of neonatal jaundice 
because they may be suspected clinically, Additional 
multicenter studies including all groups of infants with 
neonatal cholestasis are needed to evaluate role of DTI in 
the management of these patients. 

In conclusion, hepatic DTI parameters are promising 
quantitative imaging parameters for the detection of 
hepatic parenchymal changes in BA and ALGS and may be an 
additional noninvasive imaging tool for the differentiation 
of BA from ALGS.
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