
Note:  This copy is for your personal, non-commercial use only. To order presentation-ready copies for 
distribution to your colleagues or clients, contact us at www.rsna.org/rsnarights. 

ORIGINAL RESEARCH 
n

 GASTROINTESTINAL IM
AGING

Radiology: Volume 260: Number 3—September 2011 n radiology.rsna.org 727

 Quantitative Evaluation of Liver 
Function with Use of Gadoxetate 
Disodium–enhanced MR 
Imaging  1     

  Akira   Yamada ,  MD  
  Takeshi   Hara ,  PhD  
  Feng   Li ,  MD ,  PhD  
  Yasunari   Fujinaga ,  MD ,  PhD  
  Kazuhiko   Ueda ,  MD ,  PhD  
  Masumi   Kadoya ,  MD ,  PhD  
  Kunio   Doi ,  PhD  

 Purpose: To determine whether liver function correlating with indo-
cyanine green (ICG) clearance could be estimated quan-
titatively from gadoxetate disodium–enhanced magnetic 
resonance (MR) images.

 Materials and 
Methods: 

This retrospective study was approved by the institutional 
review board, and the requirement for informed consent 
was waived. Twenty-three consecutive patients who under-
went an ICG clearance test and gadoxetate disodium–
enhanced MR imaging with the same parameters as were 
used for a preoperative examination were chosen. The 
hepatocellular uptake index (HUI) from liver volume ( V  L )
and mean signal intensity of the liver on contrast-
enhanced T1-weighted images with fat suppression ( L  20 ) 
and mean signal intensity of the spleen on contrast-
enhanced T1-weighted images with fat suppression ( S  20 ) 
on 3D gradient-echo T1  -weighted images with fat suppres-
sion obtained at 20 minutes after gadoxetate disodium 
(0.025 mmol per kilogram of body weight) administration was 
determined with the following equation:  V  L [( L  20 / S  20 )  2  1]. 
The correlation of the plasma disappearance rate of ICG 
(ICG-PDR) and various factors derived from MR imag-
ing, including HUI, iron and fat deposition in the liver and 
spleen, and spleen volume ( V  S ), were evaluated with 
stepwise multiple regression analysis. The difference be-
tween the ratio of the remnant HUI to the HUI of the 
total liver (rHUI/HUI) and ratio of the liver remnant  V  L  
to the total  V  L  (r V  L /V L ) was evaluated in four patients who 
had segmental heterogeneity of liver function.

 Results: HUI and  V  S  were the factors signifi cantly correlated with 
ICG-PDR ( R  = 0.87). The mean value and its 95% confi -
dence interval were 0.18 and 0.01 to 0.34, respectively, 
for the following calculation: (rHUI/HUI)  2  (r V  L / V  L ).

 Conclusion: The liver function correlating with ICG-PDR can be esti-
mated quantitatively from the signal intensities and the 
volumes of the liver and spleen on gadoxetate disodium–
enhanced MR images, which may improve the estimation 
of segmental liver function.
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 .  2.0 mg/dL [ .  176.8  m mol/L]) was 
included in this study. 

 MR Imaging 
 Imaging of the entire liver and spleen 
was performed prior to and 20 min-
utes after intravenous administration of 
0.025 mmol per kilogram body weight 
of gadoxetate disodium by using single-
breath-hold 3D GRE or with fat suppres-
sion (repetition time msec/echo time 
msec, 3.5/1.42; fl ip angle, 15°) with an 
MR imaging system (Trio Tim; Siemens, 
Munich, Germany  ), an eight-channel 
phased-array body coil, and a parallel 
imaging technique (acceleration factor 
of two). Nonenhanced two-dimensional 
GRE T2*-weighted images (191–280/
10 msec; fl ip angle, 20°) and nonen-
hanced two-dimensional dual-phase 
GRE T1-weighted images (106–165/1.23, 
2.46; fl ip angle, 80°) were also obtained 
to evaluate iron and fat deposition in 
the liver and the spleen. The echo times 
in the dual-phase GRE sequence were 
determined according to actual mag-
netic fi eld strength (2.8 T) of the MR 
imaging system. 

 Image Analysis 
 Two radiologists who were not authors 
and had 4 years and 3 years of experi-
ence in diagnostic imaging independently 
drew the outlines of the liver and spleen 
on every section of all MR images ob-
tained, as listed above  . In this procedure, 
MR images were presented on a Digital 
Imaging and Communications in Medi-
cine viewer (Osirix; Pixmeo, Geneva, 

Ill), and the requirement for informed 
consent was waived. 

 There were 59 consecutive patients 
(49 men, 10 women; mean age, 69.9 
years  6  9.0 [standard deviation]; range, 
41–84 years) who underwent 3D GRE T1-
weighted gadoxetate disodium–enhanced 
MR imaging and an ICG clearance test 
as a preoperative evaluation within 4 
weeks from June 2008 to December 
2009 in the record at the Shinshu Uni-
versity Hospital   (Matsumoto, Japan). 
However, we selected only 23 patients 
for this study, as described below. Five 
patients (four men, one woman; mean 
age, 73.6 years; range, 57–87 years) 
were excluded because nonenhanced MR 
imaging was not performed. Twenty-one 
patients (19 men, two women; mean 
age, 68.9 years; range, 49–80 years) 
were excluded because the MR imag-
ing parameters were different between 
nonenhanced and contrast material–
enhanced MR imaging. Finally, 23 pa-
tients (17 men, six women; mean age, 
70.0 years; range, 41–84 years) were 
selected for the evaluation because 
they were the largest population in this 
study of subjects whose MR imaging 
parameters (repetition time, echo time, 
fl ip angle) were the same at nonen-
hanced and contrast-enhanced 3D GRE 
MR imaging. There was no signifi cant 
difference in the age and sex distribu-
tion between included and excluded 
patients. There were six patients with-
out chronic hepatitis or liver cirrho-
sis, six patients with chronic hepatitis, 
and 11 patients with liver cirrhosis in 
this study group. No patient with re-
nal dysfunction (serum creatinine level 

             Q uantitative evaluation of liver func-
tion is important not only for mon-
itoring of that function, but also 

for preoperative assessment of the liver 
reserve ( 1 ). The ICG-PDR ( abbrevia-
tions are defi ned in Table 1  )   has been 
regarded as a valuable tool for the quan-
titative assessment of liver function, be-
cause it is removed from the circulation 
exclusively by the liver ( 2 ). However, 
a reliable method for the quantitative 
anatomically based evaluation of liver 
function has not been established to 
date, to our knowledge. 

 Gadoxetate disodium (Primovist; 
Bayer Schering Pharma, Berlin, Ger-
many) is a paramagnetic hepatobiliary 
contrast agent that can combine the fea-
tures of extracellular agents with those 
of a hepatocellular contrast agent ( 3 ). 
The same transporting mechanisms (ie, 
the organic anion transporter) are con-
sidered to be responsible for uptake 
of gadoxetate disodium and ICG in he-
patocytes ( 4,5 ); therefore, there is a 
possibility that gadoxetate disodium–
enhanced MR imaging could be the ba-
sis of a useful method for quantitative 
evaluation of liver function similar to ICG 
clearance but with anatomic delineation 
of hepatic function ( 6–11 ). 

 The purpose of this study was to 
determine whether liver function cor-
relating with ICG clearance could be es-
timated quantitatively from gadoxetate 
disodium–enhanced MR images. 

 Materials and Methods 

 Subjects 
 This retrospective study was approved 
by the institutional review boards of 
Shinshu University (Matsumoto, Japan) 
and the University of Chicago (Chicago, 

 Implications for Patient Care 

 Our study results suggest that  n

gadoxetate disodium–enhanced 
MR imaging of the liver may 
improve the early detection and 
treatment of liver diseases by 
allowing evaluation of anatomic 
and functional information of the 
liver in one examination. 

 Gadoxetate disodium–enhanced  n

MR imaging of the liver may 
allow quantitative estimation of 
segmental liver function. 

 Advance in Knowledge 

 The liver function correlating  n

with   the ICG-PDR can be esti-
mated quantitatively ( R  = 0.87) 
from the signal intensities and 
the volumes of the liver and the 
spleen on gadoxetate disodium–
enhanced MR images. 
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 The mean value and 95% CI for 
(rHUI/HUI)  2  (r V  L / V  L ) were evaluated to 
determine the signifi cance of the differ-
ence between HUI and volumetry in the 
estimation of segmental liver function. 

 All statistical analyses were per-
formed with the use of software (Mat-
lab version 7.11, R20010b; MathWorks, 
Natick, Mass). No overlapping in 95% 
CIs or  P  values less than .05 was regarded 
to indicate a signifi cant difference. 

 Results 

 The liver characteristics of all patients 
ob tained in this study are shown in  
Table 2  . The mean value and 95% CI 
for cor relation coeffi cients between ICG-
PDR and feature values were 0.634 
(95% CI: 0.629, 0.640) for  L  20  and 
0.721 (95% CI: 0.717, 0.726) for HUI 
( Figs 1, 3, 4  )  . 

 The stepwise multiple linear regres-
sion analysis revealed that HUI and  V  S  
were the factors signifi cantly correlated 
with ICG-PDR in our study ( Table 3  ). 
The regression coeffi cients and the  R  sta-
tistic for a multiple linear regression of 
HUI and  V  S  on ICG-PDR (ICG-PDR = 
B 0   1  B 1 HUI  1  B 2  V  S   1   e , where B 0 , B 1 , 
and B 2  are coeffi cients and  e  is a residual 
in multiple regression) were B 0  of 0.10 
(95% CI: 0.07, 0.13), B 1  of 0.12 (95% 
CI: 0.08, 0.15), B 2  of  2 0.23 (95% CI: 
 2 0.34,  2 0.11), and  R  of 0.87 ( Fig 5  )  . 

 The segmental heterogeneity of liver 
function that affected more than one 
liver segment was observed in four 
patients in our study. The liver char-
acteristics of the patients are shown 
in  Table 4  . The mean value and 95% CI 
were 0.18 and 0.01 to 0.34, respec-
tively, for the following equation: (rHUI/
HUI)  2  (r V  L / V  L   ). 

 Discussion 

 The feature value of  V  L [( L  20 / S  20 )  2  1], 
which may be called the HUI, showed 
good correlation with ICG-PDR, and 
the correlation was signifi cantly higher 
than was the correlation with  L  20 . This 
result can be explained by two cor-
rection factors in addition to the sig-
nal intensity of the liver on gadoxetate 
disodium–enhanced MR images. One 

liver function could be estimated with 
the r V  L / V  L  multiplied by ICG-PDR on 
the basis of the assumption that the 
liver function could be homogeneous; 
therefore, the ratio of the segmental 
liver function to the total liver func-
tion estimated with volumetry could 
be determined with r V  L / V  L . On the 
other hand, the segmental liver func-
tion could be estimated with the fol-
lowing equation: r V  L [(r L  20 / S  20 )  2  1], 
which may be called the rHUI as an index 
for the amount of gadoxetate disodium 
uptake into hepatocytes in r V  L  mea-
sured on gadoxetate disodium–enhanced 
MR images, taking into account the het-
erogeneity of the liver function. The 
rHUI/HUI could be described with use 
of gadoxetate disodium–enhanced MR 
imaging. We evaluated r V  L / V  L  and rHUI/
HUI in the patients with segmental het-
erogeneity of liver function owing to 
known liver dysfunction, such as portal 
vein embolization or obstructive jaun-
dice affecting more than one liver sub-
segment. In this segmental analysis, the 
same two radiologists mentioned before 
drew the outlines of the nonaffected 
liver on gadoxetate disodium–enhanced 
MR images to obtain r V  L  and r L  20  ( Fig 2  ). 
The difference between the two methods, 
calculated as (rHUI/HUI)  2  (r V  L / V  L ), 
was evaluated. 

 Statistical Analysis 
 The mean value and 95% CI for the cor-
relation coeffi cient between ICG-PDR 
and feature values ( L  20  and HUI) were de-
termined with a bootstrap method with 
2000 bootstrap samples. The bootstrap 
sample size was determined according 
to the recommendation that the boot-
strap sample size should be 1000 or more 
to estimate the 95% CI ( 15 ). 

 The stepwise multiple linear regres-
sion analysis of the effect of various   
feature values, including HUI,  L  0 / S  0 ,  
L  T2* / S  T2* ,  L  opp / L  in ,  S  opp / S  in , and  V  S , on 
ICG-PDR was performed to evaluate 
the statistical signifi cance of the various 
infl uences, such as iron and fat deposi-
tion and splenomegaly, in the correla-
tion between HUI and ICG-PDR. The 
entrance and exit tolerances for  P  val-
ues of  F  statistics were specifi ed to be .05 
and .1, respectively. 

Switzerland), and the outlines were 
drawn by using free-hand contours 
( Fig 1  ). The contrast-enhanced 3D GRE 
images were always presented fi rst in 
order that observers could identify the 
liver parenchyma. The time limit for 
drawing outlines was not specifi ed. In 
each patient, the  V  L  and  V  S  on contrast-
enhanced images, the  L  0  and  S  0 , the  L  in  
and  S  in , the  L  opp  and  S  opp , the  L  T2*  and 
 S  T2* , and the  L  20  and  S  20  were obtained 
within the volume included in the out-
lines. The average values for all param-
eters ( V  L ,  V  S ,  L  0 ,  S  0 ,  L  in ,  S  in ,  L  opp ,  S  opp , 
 L  T2* ,  S  T2* ,  L  20 , and  S  20 ) measured by the 
two radiologists were used for quanti-
tative evaluation. 

 ICG Clearance Test 
 A dose of 0.5 mg/kg ICG was admin-
istered intravenously, and blood was 
withdrawn at 5-, 10-, and 15-minute 
intervals following ICG administration. 
ICG-PDR was determined with regres-
sion analysis ( 12 ). An ICG-PDR higher 
than 0.15   sec  2 1  can be considered to 
indicate normal liver function. 

 Feature Values Derived from Gadoxetate 
Disodium–enhanced MR Images 
 We introduced the feature value 
 V  L [( L  20 / S  20 )  2  1  ], which may be called 
the HUI, as an index for the amount of 
gadoxetate disodium uptake into hepato-
cytes measured on gadoxetate disodium–
enhanced MR images. 

 The feature values  L  0 / S  0 ,  L  T2* / S  T2* , 
 L  opp / L  in ,  S  opp / S  in , and  V  S  were evaluated 
to determine the degree of the differ-
ence in signal intensity between the 
liver and the spleen, the degree of the 
difference in iron deposition between 
the liver and the spleen ( 13 ), the de-
gree of fat deposition in the liver ( 14 ), 
the degree of fat deposition in the 
spleen ( 14 ), and the degree of spleno-
megaly owing to portal hypertension, 
respectively. 

 Estimation of Segmental Liver Function in 
Patients with Segmental Heterogeneity 
of Liver Function 
 Conventionally, segmental liver func-
tion has been estimated by means of 
the ICG clearance test and volumetry 
( 1   ). In this method, the segmental 
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account in the  L  20 . After the gadoxetate 
disodium reaches equilibrium state in 
the ECF space (approximately 2 min-
utes after venous administration), the 
concentrations of gadoxetate disodium 
distributing in ECF spaces of the liver 
and the other organs decrease, in par-
allel, as a result of renal and hepatic 
excretion. This phenomenon has been 
observed on MR images with use of 
gadoxetate disodium in extrahepatic or-
gans such as the spleen ( 19 ). The distri-
bution volume of gadoxetate disodium 

contrast enhancement of gadoxetate di-
sodium in cirrhosis has not been fully 
clarifi ed, the correlation between contrast 
enhancement of gadoxetate di sodium 
and the degree of fi brosis has been ob-
served in an animal model ( 18 ). 

 Gadoxetate disodium equilibrates 
rapidly between the intravascular and 
extravascular spaces according to the 
concentration gradient following intra-
venous administration. Therefore, the 
contrast enhancement effect of gad-
oxetate disodium is caused not only 
by uptake in the hepatocytes but also 
by its presence in the ECF space (the 
sum of the intravascular and extravas-
cular spaces) and must be taken into 

is the ECF contrast enhancement effect 
of gadoxetate disodium in the liver, ap-
proximated by the  S  20 , and the other is 
the interindividual variation in the  V  L . 

 The local concentration of ICG and 
gadoxetate disodium taken up by hepato-
cytes decreases during the development 
of cirrhosis because of the decrease in 
hepatocytes and the increase in fi brous 
tissue ( 16 ). In addition, the fi brosis of 
the liver results in a decrease in the 
incoming blood fl ow and restriction of 
molecular movement in the extravascu-
lar space ( 17 ), which could be another 
possible cause of decreased uptake of 
ICG and gadoxetate disodium by he-
patocytes. Although the cause of weak 

 Figure 2 

  
  Figure 2:   Patient 22.  Axial 3D GRE T1-weighted 
MR image with fat suppression (3.5/1.42; fl ip angle, 
15°) at 20 minutes after gadoxetate disodium 
administration obtained in a 78-year-old woman 
with hilar bile duct carcinoma. Portal vein emboliza-
tion was performed in right branch of portal vein, 
and the signal intensity in the right hepatic lobe was 
decreased compared with that in the left hepatic 
lobe. The rHUI/HUI was 0.43, whereas the r V  

L
 / V  

L
  

was 0.32 and lower than the rHUI/HUI. Green lines = 
outlines used to obtain rHUI and r V  

L
 .   

 Figure 1 

  
  Figure 1:   Patient 23 . Axial 3D GRE T1-weighted 
MR image with fat suppression (3.5/1.42; fl ip 
angle, 15°) at 20 minutes after gadoxetate disodium 
administration obtained in a 64-year-old woman with 
a metastatic liver tumor. The contrast between the liver 
and spleen is high. Surrounding liver was proved to 
be normal at surgical resection. HUI is high (1.068 
L), consistent with high ICG-PDR (0.207 sec  2 1   ). Green 
lines = outlines of the liver and spleen.   

 Table 1 

 Abbreviations Used in This Article 

Abbreviation Defi nition

CI Confi dence interval
ECF Extracellular fl uid
GRE Gradient echo
HUI Hepatocellular uptake index
ICG Indocyanine green
ICG-PDR PDR of ICG
 L  in Mean signal intensity of the liver on nonenhanced in-phase T1-weighted images
 L  opp Mean signal intensity of the liver on nonenhanced opposed-phase T1-weighted images
 L  opp / L  in Ratio of  L  opp  to  L  in 
 L   T2* Mean signal intensity of the liver on nonenhanced T2*-weighted images
 L   T2* /S T2* Ratio of  L   T2*  to  S  T2* 
 L  20 Mean signal intensity of the liver on contrast-enhanced T1-weighted images with 

 fat suppression
 L  0 Mean signal intensity of the liver on nonenhanced T1-weighted images with fat suppression
 L  20 / S  20 Ratio of  L  20  to  S  20 
 L  0 / S  0 Ratio of  L  0  to  S  0 
MR Magnetic resonance
PDR Plasma disappearance rate
rHUI Remnant HUI
rHUI/HUI Ratio of the rHUI to the HUI of the total liver
r L  20 Remnant  L  20   
r V  L Remnant  V  L 
r V  L / V  L Ratio of the liver remnant  V  L  to the total  V  L 
 S  in Mean signal intensity of the spleen on nonenhanced in-phase T1-weighted images
 S  opp Mean signal intensity of the spleen on nonenhanced opposed-phase T1-weighted images
 S  opp  /S  in Ratio of  S  opp  to  S  in 
 S  T2* Mean signal intensity of the spleen on nonenhanced T2*-weighted images
 S  20 Mean signal intensity of the spleen on contrast-enhanced T1-weighted images with 

 fat suppression
 S  0 Mean signal intensity of the spleen on nonenhanced T1-weighted images with 

 fat suppression
3D Three-dimensional
 V  L Liver volume
 V  S Spleen volume



Radiology: Volume 260: Number 3—September 2011 n radiology.rsna.org 731

 GASTROINTESTINAL IMAGING:  Quantitative Evaluation of Liver Function at MR Imaging Yamada et al

fibrosis is controversial ( 21,22 ). Van 
Beers et al ( 21 ) reported that distribu-
tion volume of the liver would not be 
affected by the degree of liver fi brosis. 
In contrast, Hagiwara et al ( 22 ) demon-
strated a signifi cant increase in distribu-
tion volume between normal liver and 
liver with fi brosis; however, the in-
crease of distribution volume owing to 
liver fi brosis compared with normal liver 
has been reported as 10%. On the other 
hand, the relaxivity of gadoxetate diso-
dium in ECF space (8.7 L/mmol · sec) 

enhancement effect corrected by the 
ECF contrast enhancement effect ap-
proximated by the signal intensity of 
the spleen. 

 The relationship between the distri-
bution volume and the degree of liver 

in the ECF correlates closely with the 
ECF volume after the equilibrium is 
reached, and the ECF volume is similar 
between the liver and spleen in normal 
liver and spleen ( 20 ). Therefore, the 
parameter ( L  20 / S  20 )  2  1   could serve as 
an index for the hepatocellular contrast 

 Table 2 

 Liver Characteristics of 23 Patients 

Patient No. Degree of Liver Fibrosis ICG-PDR (sec  2 1 ) HUI (L)  V  
S
  (L)  L  

T2*
 / S  

T2*
  L  

0
 / S  

0
  L  

opp
 / L  

in
  S  

opp
 / S  

in
 

1 Liver cirrhosis 0.064 0.425 0.403 0.643 1.434 1.008 0.915
2 Liver cirrhosis 0.071 0.239 0.157 0.736 1.040 0.868 0.939
3 Liver cirrhosis 0.072 0.270 0.115 0.654 1.123 1.035 0.946
4 Liver cirrhosis 0.082 0.203 0.079 1.073 1.068 0.975 0.978
5 Chronic hepatitis 0.083 0.588 0.296 0.712 1.304 0.987 0.898
6 Chronic hepatitis 0.105 0.419 0.136 0.839 1.221 0.859 0.905
7 Liver cirrhosis 0.121 0.365 0.194 0.810 1.102 0.996 0.936
8 Normal liver 0.122 0.787 0.292 1.028 1.229 1.010 0.972
9 Liver cirrhosis 0.130 1.046 0.413 0.631 1.125 0.991 0.911
10 Liver cirrhosis 0.134 0.451 0.122 0.732 1.143 1.003 0.841
11 Normal liver 0.135 0.961 0.150 0.684 1.137 0.957 0.912
12 Liver cirrhosis 0.149 1.165 0.324 0.624 1.632 1.018 0.930
13 Liver cirrhosis 0.149 0.721 0.125 0.560 1.434 0.882 0.902
14 Normal liver 0.152 0.930 0.043 0.769 1.215 1.018 0.926
15 Chronic hepatitis 0.153 0.515 0.148 0.690 1.214 0.967 0.887
16 Liver cirrhosis 0.158 0.464 0.156 0.820 1.167 0.953 0.913
17 Chronic hepatitis 0.179 0.698 0.089 0.840 1.151 0.978 0.888
18 Liver cirrhosis 0.181 0.874 0.099 0.788 1.376 0.981 0.915
19 Chronic hepatitis 0.182 0.407 0.102 1.163 1.108 0.963 0.957
20 Normal liver 0.193 1.296 0.274 0.785 1.286 0.992 0.957
21 Normal liver 0.207 1.068 0.139 0.890 1.040 1.013 0.898
22 Normal liver 0.215 1.001 0.077 0.984 1.464 0.977 0.872
23 Chronic hepatitis 0.267 1.475 0.108 0.836 1.049 0.960 0.913

 Figure 3 

  
  Figure 3:   Patient 4.  Axial 3D GRE T1-weighted 
MR image with fat suppression (3.5/1.42; fl ip angle, 
15°) at 20 minutes after gadoxetate disodium adminis-
tration obtained in a 73-year-old man with hepatocel-
lular carcinoma. The contrast between the liver and 
spleen is low. Surrounding liver was proved to be 
cirrhotic at surgical resection. HUI was low (0.203 L) 
consistent with a low ICG-PDR (0.082 sec  2 1 ).   

 Figure 4 

  
  Figure 4:  Correlation of HUI and ICG-PDR. Blue 
circles = patients without splenomegaly  (Vs  ,  mean 
 1  1 SD) , red circles = patients with splenomegaly 
 (Vs  .  mean  1  1 SD) .  SD  = standard deviation. 

 Table 3 

 Stepwise Multiple Linear Regression 
Analysis of Various Factors for Effect 
on ICG-PDR   

Variable Coeffi cient  P  Value

HUI 0.116  , .01
 V  S  2 0.229  , .01
 L   T2* / S  T2* 0.075 .06
 L  0 / S  0  2 0.016 .69
 L  opp / L  in  2 0.001 .99
 S  opp / S  in  2 0.152 .42
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sequence in the measurement of HUI in 
this study. The shorter the echo time is, 
the less a T2*-weighted and the more a 
T1-weighted image could be obtained. 
Thus, correlation of the contrast enhance-
ment effect in the liver to liver function 
is much greater than the correlation of 
the contrast enhancement effect of other 
factors that affect the signal intensity of 
the liver and the spleen in gadoxetate 
disodium–enhanced MR imaging. 

 The uptake of ICG and gadoxetate 
disodium into hepatocytes refl ects not 
only the hepatic cell function but also 
the hepatic blood fl ow ( 28 ); therefore 
the ICG-PDR and HUI might show a 
discrepancy from the galactosyl–human 
serum albumin scintigraphy result, which 
is less affected by the hepatic blood fl ow, 
in some circulation disorders such as 
portosystemic shunt, increased plasma 
volume, and decreased cardiac output. 

 The  V  L  and a quantitative liver func-
tion test, such as the ICG clearance test, 
have been reported to be signifi cant pre-
dictors of postoperative liver failure and 
mortality ( 1,29 ). However, our results 
showed that the segmental liver reserve 
estimated with volumetry (r V  L / V  L ) was 
signifi cantly smaller than that estimated 
with HUI (rHUI/HUI). Therefore, with 
volumetry, underestimation of the seg-
mental liver reserve could occur be-
cause the heterogeneity of the liver 
function could not be taken into account. 
Because the HUI can correlate with 
ICG-PDR very well and it can be deter-
mined directly from the volume and the 
signal intensity of a region of interest 
in the liver, the quantitative estimation 
of total and segmental liver function 
may be feasible. Therefore, gadoxetate 
disodium–enhanced MR imaging has 

confi rmed with further investigation. In 
the future, a more accurate index derived 
from HUI to estimate liver function, tak-
ing into account the volume of the spleen, 
could be possible with use of gadoxetate 
disodium–enhanced MR imaging. 

 If the parameter ( L  20 / S  20 )  2  1 was 
analogous to the concentration of gad-
oxetate disodium taken up by hepatocytes, 
the total amount of gadoxetate disodium 
taken up by hepatocytes that can cor-
relate with ICG-PDR would be found by 
the volume integration of ( L  20 / S  20 )  2  1  . 
The similar idea has been proposed in 
the relationship with histologic evalua-
tion of liver fi brosis. It was shown by 
Hashimoto and Watanabe ( 26 ) that ICG-
PDR was proportional to the total he-
patic parenchymal cell volume, deter-
mined as the histologic parenchymal 
cell volume ratio multiplied by the liver 
volume obtained from computed tomog-
raphy. The liver volume differs, depend-
ing on not only the severity of chronic 
liver disease but also the physical con-
stitution ( 27 ), and the total hepatic pa-
renchymal cell volume differs individu-
ally. Thus, a correction for liver volume 
is necessary for estimation of ICG-PDR 
from the hepatobiliary contrast enhance-
ment of gadoxetate disodium in the liver. 

 The signal intensity of the liver and 
the spleen on gadoxetate disodium–
enhanced MR images can be affected 
by various factors, including liver func-
tion but also the difference of tissue spe-
cifi c relaxation time and the iron and/or 
fat   deposition. However, our multiple 
regression analysis revealed that these 
effects were not signifi cant in the cor-
relation between HUI and ICG-PDR. This 
factor could be explained by the use of 
a very-short echo time with the 3D GRE 

is about one-half compared with that in 
hepatocytes (16.6 L/mmol · sec), related 
to differences in microviscosity ( 23 ). 
Therefore, the infl uence of various dis-
tribution volumes in the liver according 
to liver fi brosis could be less than 10% 
and negligible in the signal intensity of 
the liver at 20 minutes after gadoxetate 
disodium administration ( L  20 ). 

 On the other hand, our results showed 
that the  V  S  could be a signifi cant factor 
that affects the correlation between HUI 
and ICG-PDR. This can be explained by 
the effect of splenomegaly due to por-
tal hypertension in the splenic ECF vol-
ume. There have been several reports 
that show the hyperplasia of the red 
pulp and the decrease of the vascular 
space density in the spleen during the de-
velopment of splenomegaly due to por-
tal hypertension ( 24 ). The increase of 
splenic hematocrit level due to conges-
tion may decrease the ECF space density   
in the spleen, as has been suggested in 
the animal model with portal hyper-
tension ( 25 ). Therefore, the decrease 
of ECF space density correlating with 
splenomegaly (increase in  V  S ) may lead 
to the weak contrast enhancement of 
the spleen after the equilibrium point 
(decrease in  S  20 ) and result in an 
increase of HUI,  V  L [( L  20 / S  20 )  2  1], on 
gadoxetate disodium–enhanced MR im-
ages; however, this hypothesis must be 

 Figure 5 

  
 Figure 5:  Regression analysis of HUI and  V  

S
  on 

ICG-PDR. Blue circles = patients without splenom-
egaly  (Vs  ,  mean  1  1 SD) , red circles = patients 
with splenomegaly  (Vs  .  mean  1  1 SD) .  SD  = 
standard deviation.

 Table 4 

 Characteristics of Four Patients with Segmental Heterogeneity of Liver Function 

Patient No. Affected Segment * Cause Difference between Methods  †  

4 V–VIII Obstructive jaundice 0.428
8 VIII Obstructive jaundice 0.120
13 V–VIII Obstructive jaundice 0.068
22 V–VIII Portal vein embolization 0.083

* The Couinaud system was used to designate liver segments.

 †  The difference was calculated as follows: rHUI/HUI  2  r V  L / V  L .
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the potential to provide the required 
information for the diagnosis and treat-
ment of liver diseases with one exami-
nation, which can be essential to early 
detection and treatment. 

 Our study had several limitations. 
First, the study population was small, 
and further prospective validation with 
a large population, especially on segmen-
tal variation in liver function, is needed. 
Second, nonenhanced images were not 
used with our eventual model; however, 
the effect of the difference in the sig-
nal intensity between the liver and the 
spleen on nonenhanced images was not 
signifi cant. Therefore, HUI can be more 
convenient to apply for clinical practice 
than use of changes in signal intensity 
between nonenhanced and contrast-
enhanced images. 

 In conclusion, the liver function cor-
relating with ICG-PDR can be estimated 
quantitatively from the signal intensities 
and the volumes of the liver and spleen 
on gadoxetate disodium–enhanced MR 
images, which may improve the estima-
tion of the segmental liver reserve. 
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