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InTroDucTIon
Currently, liver function is evaluated using various blood 
parameters, such as serum albumin and serum bilirubin 
levels, or biochemical classifications, such as Child–Pugh 
and albumin–bilirubin (ALBI) scores. However, it is 
impossible to evaluate focal liver disorders using such 
blood parameters because the results indicate the function 
of the entire liver. In particular, a specific part of the liver 
that has impaired function cannot be evaluated. Alterna-
tively, hepatic state changes in the whole liver can be eval-
uated by image assessment using MRI or nuclear medicine 
study. MRI systems, such as MR elastography,1,2 dynamic 

contrast-enhanced MRI,3 and diffusion-weighted imaging 
(DWI), are non-invasive tools that provide information 
regarding liver function. MR elastography is used in the 
clinical setting as the index of hepatic inflammation by eval-
uating liver stiffness. In a previous study, MR elastography 
has been reported to provide the highest performance for 
advanced fibrosis detection.2 However, MR elastography 
has the disadvantage that it requires dedicated hardware 
and software additions, which may not be available in all 
hospitals, and that it is costly. Moreover, a previous study 
has reported that the degree of liver parenchymal enhance-
ment with gadolinium-ethoxybenzyl-diethylenetriamine 
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objectives: We aimed to determine whether diffusion 
kurtosis imaging (DKI) analysis with the breath-hold 
technique can replace liver function results obtained 
from laboratory tests.
methods: Patients (n = 79) suspected of having a 
hepatobiliary disease, and control group without liver 
diseases (n = 15) were examined with non-Gaussian 
diffusion-weighted imaging using a 3.0 T magnetic 
resonance imaging unit. Based on the findings of DKI, 
various blood serum parameters, including the indocy-
anine green (ICG) retention rate 15 min after an intra-
venous injection of ICG (ICG-R15) and mean kurtosis 
values and Child–Pugh and albumin–bilirubin (ALBI) 
scores, were calculated. In total, 17 patients were tested 
using ICG-R15. For evaluating liver function, correlations 
between the mean kurtosis value and the Child–Pugh 
score, ALBI score, and ICG-R15 value as indicators of 
liver function obtained from blood data were assessed 
using Spearman’s rank correlation. In apparent diffusion 

coefficient as well, we assessed correlations with these 
indicators.
results: The mean kurtosis value correlated with the 
Child–Pugh score (Spearman’s rank-correlation coef-
ficient, ρ = 0.3992; p < 0.0001). Moreover, the mean 
kurtosis value revealed a correlation with the ICG-R15 
value (Spearman’s rank-correlation coefficient, ρ = 
0.5972; p = 0.00114). The correlation between the mean 
kurtosis value and the ALBI score was the poorest 
among these (Spearman’s rank-correlation coefficient, ρ 
= 0.3395; p = 0.0008).
conclusion: Liver function correlating with the Child–
Pugh score and ICG-R15 value can be quantitatively 
estimated using the mean kurtosis value obtained from 
DKI analysis. DKI analysis with the breath-hold tech-
nique can be used to determine liver function instead of 
performing laboratory tests.
advances in knowledge: Previous studies have not eval-
uated liver function in vivo using DKI.
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pentaacetic acid (Gd-EOB-DTPA) correlates with liver func-
tion.4 Similarly, technetium- 99m-diethylenetriaminepentaacetic 
acid-galactosyl-human serum albumin (Tc-GSA scintigraphy) 
in nuclear medicine study correlates with liver function.5 Hence, 
Gd-EOB-DTPA and Tc-GSA evaluate hepatic disorder by uptake 
into hepatocytes.6–8 Previously, DWI has been used to evaluate 
inflammation and fibrosis,9 where an apparent diffusion coeffi-
cient (ADC) value is significantly reduced in advanced fibrosis 
and inflammation, such as cirrhotic liver.3,9–15 However, a limita-
tion of using ADC values is the difficulty of detection at each 
stage of hepatic fibrosis.16 Conventional DWI assumes that water 
molecule diffusion is Gaussian behavior17 However, somatic cell 
structures are complex, and there are many factors which affect 
the decay of diffusion signal, such as water restriction by hepato-
cellular structures, intra- and extracellular water exchange, and 
variation in tissue compartment sizes.

Non-Gaussian DWI techniques such as q-space imaging (QSI) 
and diffusion kurtosis imaging (DKI) have emerged as advanced 
methods to evaluate tissue microstructure in vivo using water 
diffusion,18,19 without the need of an enhancing agent as required 
for MRI. Using the kurtosis metrics described by Jensen et al, 
images can be obtained for DKI with a short acquisition time.18 
The breath-hold technique can be used for diffusion kurtosis 
image acquisition and can remove artifacts by macroscopic 
physiological motions. The possibility of evaluating liver micro-
structural degeneration or liver function using DKI is clinically 
beneficial. We have already reported the correlation between 
kurtosis values and the staging of hepatic fibrosis or the detec-
tion of each stage of hepatic fibrosis.20 However, in this previous 
study, the subject was only the patient performing liver biopsy 
because the purpose of the study was to evaluate the relationship 
with hepatic fibrosis. However, liver biopsy to all patients needed 
to conduct assessment or follow up of liver condition is not prac-
tical because of invasive diagnostic procedure. In general, evalu-
ation by serum data is simple and common use to evaluate liver 
functions. Therefore, we evaluated the relationship between DKI 
and liver functions including subjects without performing liver 
biopsy. Comparing the mean kurtosis value with the Child–Pugh 
score, ALBI score, and ICG-R15 value, which are typical indica-
tors of liver function obtained from serum data, might render 
liver function evaluation much more efficient in the clinical. 
However, previous studies have not evaluated liver function in 
vivo using DKI.

Therefore, the purpose of the present study was to determine 
whether DKI analysis as an additional sequence can replace labo-
ratory tests as an indicator of liver function.

meThoDs anD maTerIals
Patients
This retrospective study was approved by our Institutional 
Review Board and informed consent was waived. Between 
April 2015 and May 2017, 79 patients (39 males and 40 females; 
mean age, 64 years; range, 35–80 years) suspected of having a 
hepatobiliary disease who underwent liver MRI including DWI 
were enrolled (including non-contrast inspection). 15 patients 
(9 males and 6 females; mean age, 30 years; range, 24–40 years) 

were control groups. The criteria for inclusion in control group 
were negative hepatitis B (HBV) and hepatitis C (HCV) infec-
tion test results; the ALBI score of ≤−2.60; and no MRI indi-
cations of chronic liver disease, hepatocellular carcinoma, 
or fatty liver disease. The underlying causes of the hepatobi-
liary disease were determined, and the patients were assessed 
according to the Child–Pugh classification and the ICG-R15. 
The underlying causes of disease of the hepatobiliary system 
were hepatitis B (n = 3) and C (n = 25), alcoholic (n = 8) and 
nonalcoholic steatohepatitis (n = 19), and chronic liver disease 
without hepatitis virus infection or biliary disorder (n = 24). 
According to the Child–Pugh classification, 66 patients were 
classified as Class A, 12 as Class B, and 1 as Class C. Among 
these patients, 17 were tested using ICG-R15. The control 
group did not conduct the ICG test because of the invasive 
test. The subject was only the patient performing liver biopsy 
because the purpose of our previous study was to evaluate the 
relationship with hepatic fibrosis.20 In general, evaluation by 
serum data is simple and common use to evaluate liver func-
tions. In this study, we evaluated the relationship between DKI 
and liver functions with laboratory tests including patients 
without performing liver biopsy. Therefore, of the 97 patients 
analyzed in this study, 67 were duplicated with our previous 
study.20

DKI analysis
Kurtosis is a dimensionless statistical metric to quantify the 
non-Gaussianity of an arbitrary probability distribution. Until 
recently, QSI methods have been used to estimate diffusion 
kurtosis. QSI is a non-Gaussian diffusion analysis that uses 
multiple b-values including a high b-value. Few reports21 have 
used QSI methods, including kurtosis analysis, to routine clin-
ical studies because QSI methods generally take a minimum of 
10 min to perform.22 However, the kurtosis metrics described 
by Jensen et al does not require full diffusion displace-
ment probability distribution;18 hence, the technique is less 
demanding than QSI in terms of acquisition time and gradient 
strengths. Therefore, we could use the breath-hold technique 
for DKI acquisition, and remove artifacts by macroscopic 
physiological motions. In order to eliminate the misalign-
ment of image at each b-value, images obtained from three 
b-values (b = 0, 1000 and 2000 s/mm2) were acquired with one 
breath-hold. Imaging range covered the entire liver. The value 
obtained by DKI is represented using the mean kurtosis value. 
The value is related to tissue microstructure properties such as 
tissue complexity and extracellular space tortuosity as degree 
of deviation from normal distribution of water molecule 
diffusion.23,24 All patients underwent MRI with a 3.0 T unit 
(Achieva, Philips Medical Systems, Netherlands) equipped 
with a 6-channel cardiac coil. DKI was acquired using a single-
shot, spin echo EPI sequence with two diffusion weightings 
(b = 1000 and 2000 s mm–2) along three non-colinear direc-
tions, and one b = 0 s mm–2 volume (repetition time, 2500 ms; 
echo time, 58 ms; flip angle, 90 degrees; field of view, 400 × 
400 mm2; matrix, 80 × 80; slice thickness, 5.0 mm; no inter-
section gap; and acquisition time, 22 s). The gradient length 
(δ) and the time between the two leading edges of the diffu-
sion gradient (Δ) were kept constant (Δ/δ = 40/20.5 ms). In 
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previous studies, Goshima et al22 and Sheng et al23 have set 
the maximum b-value to 2000 s/mm2. In addition, because 
we used the breath-hold technique for DKI acquisition, few 
b-values were necessary. Hence, we used the above b-values, as 
recommended by Jensen et al,18 for DKI analysis as a prelim-
inary study. K-maps were generated on a voxel-by-voxel basis 
with Diffusional kurtosis estimator software23,24 based on the 
following formula18:

 
S = S0exp

(
−bDapp +

1
6b

2D2
appKapp

)

  

where S is the signal intensity at a given b factor, S0 represents the 
signal in the absence of any diffusion weighting, Dapp represents 
the ADC, and Kapp represents the apparent kurtosis coefficient. 
The additional mean kurtosis value was defined as the kurtosis 
average over all possible diffusion directions. In this study, ADC 
values were calculated by conventional DWI (b = 0 and 800 s 
mm–2) separately from DKI analysis based on the following 
formula.

 
ADC = ln S

S0
/
(
−b

)
  

where S is the signal intensity at a given b factor, S0 represents the 
signal in the absence of any diffusion weighting.

Image analysis
Regions of interest (ROIs) were always placed in the anterior 
and posterior segments of the right hepatic lobe and medial 
segment of the left hepatic lobe to avoid major vessels, large 
bile ducts, liver edges, and motion artifacts. In addition, ROIs 
were placed without knowing the histopathological results. All 
ROIs (round, ≥10 mm diameter) in diffusion kurtosis images 
and ADC images were placed at the same location as the T2 
weighted MR image. Mean kurtosis values were obtained using 
commercially available software (MRIcro) from the mean value 
of the three ROIs in the liver parenchyma. MRIcro (http://
www. sph. sc. edu/ comd/ rorden/ mricro. html) is a medical 
viewer, which has been widely used for analysis with DWI.25 
Image conversion is without data loss when MRIcro converts 
medical images to analyzable format.

Biochemical tests
Patient medical records were reviewed, and blood serum param-
eters were recorded within 1 month before or after MRI. Serum 
albumin and total bilirubin levels, prothrombin activity, ascites, 

Figure 1. Scatter plots of the correlation between the mean kurtosis value and three serum classification parameters. The correla-
tion between the mean kurtosis value of liver parenchyma and (A) the Child–Pugh score, (B) the ICG-R15 value, and (C) the ALBI 
score is shown. ALBI, albumin–bilirubin; ICG, indocyanine green.

http://birpublications.org/bjr
http://www.sph.sc.edu/comd/rorden/mricro.
http://www.sph.sc.edu/comd/rorden/mricro.


4 of 8 birpublications.org/bjr Br J Radiol;91:20170608

BJR  Yoshimaru et al

and hepatic encephalopathy were recorded for the Child–Pugh 
classification and the ALBI score. The Child–Pugh score (Child–
Pugh A, 5 to 6 points; B, 7 to 9 points; C, 10 to 16 points) is 
widely used to estimate prognosis among patients with chronic 
liver diseases.26,27 The ALBI (Grade 1, ≤−2.60; Grade 2, –2.60 to 
−1.39; Grade 3, >−1.39) score is recently reported by Johnson et al 
to estimate the liver function status.27,28 The ALBI score provides 
a similar prognostic value as the Child–Pugh classification. The 

ALBI score was calculated as follows without using subjective 
parameters such as ascites and encephalopathy:

ALBI = –0.085 × (albumin g l–1) + 0.66 × log(bilirubin μmol l–1)

In addition, the ICG-R15 value was calculated to evaluate 
hepatic function for monitoring or to preoperatively assess the 

Figure 2. Scatter plots of the correlation between the ADC value and three serum classification parameters. The correlation 
between the ADC value of liver parenchyma and (A) the Child–Pugh score, (B) the ICG-R15 value, and (C) the ALBI score is shown.

Table 1. Comparing between each classification and control group using Mean kurtosis and ADC value

n Average mean kurtosis value Average ADC value (×10−3 mm2 S–1)
Control 15 0.817 ± 0.043 1.151 ± 0.059

Chilg-pugh A 66 0.976 ± 0.133 1.112 ± 0.165

Chilg-pugh B–C 13 1.054 ± 0.116 1.874 ± 0.220

ALBI Grade 1 56 0.972 ± 0.126 1.099 ± 0.167

ALBI Grade 2–3 23 1.030 ± 0.144 1.175 ± 0.187

ICG–R15 (<20) 9 0.956 ± 0.096 1.245 ± 0.169

ICG–R15 (≥20) 8 1.033 ± 0.137 1.144 ± 0.098

ALBI, albumin–bilirubin; ADC, apparent diffusion coefficient;
The Child–Pugh score: Child–Pugh A, 5 to 6 points; B, 7 to 9 points; C, 10 to 16 points. The ALBI score: Grade 1, ≤−2.60; Grade 2, −2. 60 to −1.39; 
Grade 3, > −1.39.

http://birpublications.org/bjr
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liver reserve.29 ICG (0.5 mg kg–1 of body weight) was injected via 
a peripheral vein. Serum was collected before and at 5, 10 and 15 
min after the ICG injection to determine the ICG retention rate 
at 15 min (ICG R15). Retention value of less than 10 percentages 
at 15 min is considered to be within normal limits.

Statistical analysis
All statistical analyses were performed using JMP (v. 13.0 for 
Macintosh, SAS).30 Correlations between the mean kurtosis 
value and the Child–Pugh and ALBI scores and ICG-R15 values 
were assessed using Spearman’s rank correlation. Similarly for 
ADC value, we evaluated correlations with these indicators of 
liver function obtained from serum data. Discriminative capaci-
ties of DKI were evaluated using receiver operating characteristic 
(ROC) analysis. The area under the curve (AUC) and optimal 
cut-off value were calculated for differentiating Child–Pugh A 
from Child–Pugh B, and ALBI Grade 1 from Grade 2–3. The 
cut-off value was estimated using the Youden index where (sensi-
tivity + specificity−1) becomes the maximum value. A p-value of 
< 0.05 was considered statistically significant.

resulTs
The mean kurtosis value was found to correlate with the Child–
Pugh score (Spearman’s rank-correlation coefficient, ρ = 0.3992; 
p < 0.0001). Moreover, the mean kurtosis value revealed a 
correlation with the ICG score (Spearman’s rank-correlation 

coefficient, ρ = 0.5972; p = 0.00114). However, the correlation 
between the mean kurtosis value and the ALBI score was the 
poorest among these (Spearman’s rank-correlation coefficient, ρ 
= 0.3395; p = 0.0008). ADC values correlated with only the ICG 
score (ρ = −0.504; p = 0.0391). Correlation scatter plots are shown 
in Figures 1 and 2. Comparing between each classification and 
control group using Mean kurtosis and ADC value was shown in 
Table 1. According to the ROC analysis for the classification of 
Child–Pugh A and B, AUC, cut-off value, sensitivity, and speci-
ficity of DKI were 0.736, 0.952, 84.6, and 54.7%, respectively. In 
ALBI grade (≥2), AUC, cut-off value, sensitivity, and specificity 
of DKI were 0.694, 1.00, 65.2, and 72.8%, respectively (Figure 3, 
Table 2). Figure 4 shows three representative DKI maps and the 
mean kurtosis values for evaluating hepatic functions.

DIscussIon
The results of this study indicate that DKI can be used as an indi-
cator of liver function, similar to the Child–Pugh score, ALBI 
score, and the ICG-R15 value.

Organic anion transporting polypeptide has been considered 
a hepatocyte-specific transporter and a major determinant 
of serum bilirubin level.31–33 Moreover, the transporter level 
decreased due to inflammatory disorders and cirrhosis in an 
animal model study.34,35 Therefore, reduction in the expression 
of transporters in chronic liver diseases might increase the serum 

Figure 3. (a) ROC curve and AUC analysis of the detection of differentiating Child–Pugh A from Child–Pugh B. (b) ROC curve and 
AUC analysis of the detection of differentiating ALBI Grade 1 from Grade 2–3. AUC, area under the ROC curve; ALBI, albumin–bil-
irubin; ROC, Receiver operating characteristic.

Table 2. Discriminating values for the classification of liver function using mean kurtosis values

Cut-off value AUC Sensitivity (%) Specificity (%)
Child-Pugh (>7) 0.95 0.736 84.6 54.7

ALBI (>−2.60) 1 0.694 65.2 72.8

ALBI, albumin–bilirubin; AUC, area under the curve;
Child-Pugh B (>7), ALBI Grade 2 (> −2.60).

http://birpublications.org/bjr
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bilirubin level. Increase in the serum bilirubin level lead to an 
increase in Child–Pugh and ALBI score.

Generally, hepatic fibrosis is represented as a reaction to a 
disorder associated with hepatocellular degeneration.3 The 
quantity of fibrous connective tissues increase because of the 
progression of inflammatory disorders with cellular degenera-
tion or necrosis.36 During the fibrosis process, collagen mole-
cules, glycosaminoglycans, and proteoglycans are deposited in 
the extracellular space of the liver. Accordingly, hepatic fibrosis 
accompanied by hepatocytes swelling and inflammatory cell 
infiltration narrows the extracellular space, which increases 
the mean kurtosis value. This fibrotic process might explain 
the positive correlation between the mean kurtosis value and 
the Child–Pugh score or the ALBI score. However, there was 
poor correlation between the mean kurtosis value and the 
Child–Pugh score or the ALBI score. Although the DKI value 
reliably correlates with the Child–Pugh score or the ALBI score, 
presumably the variation pattern of the DKI and Child–Pugh 
scores or ALBI scores differ depending on the same assessment 
capacity or key target for hepatocyte tissue state and liver func-
tion, respectively. As reason why the variation pattern differed, 
the Child–Pugh and the ALBI were conventional (static) tests. 
Thus, serum data is an evaluation of chronic liver function, and 
it may be changed by environmental factors other than the liver. 
Furthermore, subjective elements such as encephalopathy and 
ascites are included in the Child–Pugh. In addition, the use of 
warfarin in the elderly affects the prothrombin time. Therefore, 
the conventional hepatic function parameters are not sensitive in 
reflecting the hepatic reserve function changes at different stages 
of liver fibrosis. ICGR15 is Dynamic quantitative liver function 
tests, unlike conventional (static) tests such as the Child–Pugh, 
rely upon a “quasi” exclusive clearance or metabolization of 
substances performed by the liver. Dynamic tests are able to 

provide a fast and reliable liver functional evaluation, together 
with a general prognostic assessment. Regarding the ICG-R15 
value, the blood concentration of ICG elevated by hepato-
cytes decreases due to an increase in fibrosis tissue.4 Moreover, 
advanced liver fibrosis results in the change of hepatic vascular 
structure and the increase of the hepatic vascular resistance, and 
even develops into portal hypertension. Consequently, ICG in 
the blood reach a high concentration with changes of hepatic 
tissue structure. The mean kurtosis value increased due to the 
restriction of molecular movement with these changes of hepatic 
tissue structure. ADC values correlated with only the ICG score. 
DKI and ADC are almost similar indices of liver function as 
these correlation coefficients were similar in comparison with 
ICG. Conversely, since only ICG correlates with DKI and ADC 
values, we believe that it is sensitive to degeneration of hepato-
cyte structures affecting the diffusion of water molecules. There-
fore, we recommend further studies with larger patient numbers 
undergoing ICG-R15. Compared to other indicators obtained 
from serum data, ICG might be able to replace MRI-based 
imaging tests. In the present study, we could evaluate changes 
in the hepatic state for the whole liver, unlike needle biopsy, 
which can indicate focal changes. However, liver biopsies have 
the disadvantage of sampling error resulting from the operator 
and inter- or intraobserver variability caused by the patholo-
gist.37 Therefore, DKI analysis is a more reproducible method 
than needle biopsy and can correctly evaluate the cellular tissue 
structure such as the degree of cellular deviation. Moreover, 
Jensen et al18 have reported that kurtosis analysis can be calcu-
lated using fewer b-values. Hence, the breath-hold technique 
can be used for diffusion kurtosis image acquisition as well as 
in dynamic studies with Gd-EOB-DTPA. However, for patients 
who are not candidates for MRI-enhancing agents because of 
decreased renal function and allergies to the contrast agent, DKI 
can be used. AUC obtained from ROC analysis in Child–Pugh 

Figure 4. Representative DKI maps of each class in the Child–Pugh classification. (a) Class A of the Child–Pugh classification 
(mean kurtosis value = 1.04), (b) Class B of the Child–Pugh classifications (mean kurtosis value = 1.14), and (c) Class C of the 
Child–Pugh classifications (mean kurtosis value = 1.19). The lower row of images presents the original DKI map. The upper row of 
images presents the color map used to make a visual assessment of the difference in values between organizations easier. The 
mean kurtosis value was defined as ranging from 0 to 3. DKI, diffusion kurtosis imaging.

http://birpublications.org/bjr
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and ALBI classification were 0.736 and 0.694 respectively. The 
diagnostic capability of DKI for liver function in this study 
cannot completely replace that of the biochemical tests for 
liver function because the precision of our diagnosis is low, as 
indicated by the result of our ROC analysis. However, since the 
mean kurtosis value was correlated with the Child–Pugh score, 
the ALBI score, and the ICG-R15 value, DKI can be an indi-
cator of liver function. Because ALBI and child are simple tests 
compared to ICG, DKI is easier to use than the conventional 
ADC. In addition, DKI could evaluate the whole liver obtained 
from MRI without MRI-enhancing agents. Therefore, although 
DKI might be not the optimal method for evaluating liver func-
tion, we consider that it is a useful method for predicting liver 
function.

This study has several limitations. First, the patient population 
was relatively small. Moreover, there were few patients who 
underwent the ICG-R15 test. Second, in this study, ROIs were 
set at three points in the liver, and the evaluation was made using 
the average value of these points. Thus, we did not evaluate local 
liver, such as liver lobe or liver segments. However, as shown in 
Figure 3, local information can be expressed as images or numer-
ical values from DKI map. Therefore, DKI analysis has a good 
potential to evaluate the focal liver function.

In conclusion, the mean kurtosis value obtained from DKI anal-
ysis can be one of predictors for liver function owing to its correla-
tion with the Child–Pugh score, the ALBI score, and ICG-R15 
value although this method, which shows liver function using 
DKI alone, cannot completely substitute the laboratory tests.
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