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Abstract
Background Liver-to-spleen signal intensity ratio (LSR) is evaluated by magnetic resonance imaging (MRI) in the 
hepatobiliary phase and has been reported as a useful radiological assessment of regional liver function. However, 
LSR is a passive (non-time-associated) assessment of liver function, not a dynamic (time-associated) assessment. 
Moreover, LSR shows limitations such as a dose bias of contrast medium and a timing bias of imaging. Previous 
studies have reported the advantages of time-associated liver functional assessment as a precise assessment of 
liver function. For instance, the indocyanine green (ICG) disappearance rate, which is calculated from serum ICG 
concentrations at multiple time points, reflects a precise preoperative liver function for predicting post-hepatectomy 
liver failure without the dose bias of ICG or the timing bias of blood sampling. The aim of this study was to develop a 
novel time-associated radiological liver functional assessment and verify its correlation with traditional liver functional 
parameters.

Methods A total of 279 pancreatic cancer patients were evaluated to clarify fundamental time-associated changes 
to LSR in normal liver. We defined the time-associated radiological assessment of liver function, calculated using 
information on LSR from four time points, as the “LSR increasing rate” (LSRi). We then investigated correlations 
between LSRi and previous liver functional parameters. Furthermore, we evaluated how timing bias and protocol bias 
affect LSRi.

Results Significant correlations were observed between LSRi and previous liver functional parameters such as total 
bilirubin, Child-Pugh grade, and albumin-bilirubin grade (P < 0.001 each). Moreover, considerably high correlations 
were observed between LSRi calculated using four time points and that calculated using three time points (r > 0.973 
each), indicating that the timing bias of imaging was minimal.

Conclusions This study propose a novel time-associated radiological assessment, and revealed that the LSRi 
correlated significantly with traditional liver functional parameters. Changes in LSR over time may provide a superior 
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Background
Liver resection is used for treating benign and malignant 
liver disease, and the incidence of post-hepatectomy liver 
failure (PHLF) has been reported within the range of 
0.7–34% [1, 2]. PHLF thus remains a major concern and 
has been shown to be a key cause of hepatectomy-related 
mortality [3, 4]. Precise preoperative assessment of liver 
function is therefore important to minimize the risks 
associated with liver surgery.

Liver functional assessments such as indocyanine green 
(ICG) retention rate at 15  min (ICGR15), Child-Pugh 
grade, and albumin-bilirubin (ALBI) grade have been 
reported for predicting PHLF [5, 6]. However, these tra-
ditional liver functional assessments, obtained using data 
from blood tests and clinical evaluations, reflect liver 
function as a whole, but not future remnant liver func-
tion after hepatectomy. Several studies have indicated the 
usefulness of radiological imaging for assessing the func-
tion of future remnant liver functional assessment using 
radiological imaging [7, 8]. Gadolinium-ethoxybenzyl-
diethylenetriamine pentaacetic acid (Gd-EOB-DTPA) 
is a liver-specific contrast medium, and magnetic reso-
nance imaging (MRI) using Gd-EOB-DTPA (EOB-MRI) 
is widely used for detecting liver tumors with high spatial 
resolution [9]. Gd-EOB-DTPA is a contrast agent with 
approximately 50% hepatocyte uptake via the organic 
anion transporter protein, and with subsequent extrac-
tion into the bile duct [10]. The uptake and excretion of 
Gd-EOB-DTPA thus offers potential for quantifying liver 
function, and several studies have reported that a low 
signal intensity of liver parenchyma in the hepatobiliary 
phase reflects poor liver function [8, 11–13]. Gd-EOB-
DTPA has therefore been expected to provide a useful 
modality for assessing regional liver function with high 
spatial resolution [8, 11–13].

The liver-to-spleen signal intensity ratio (LSR) is evalu-
ated by EOB-MRI in the hepatobiliary phase and has been 
used as a marker of regional liver function [12, 13]. We 
have also reported LSR of the future remnant liver region 
as a reliable preoperative assessment of liver function 
useful for predicting PHLF [14]. However, single-center 
investigations of radiological liver functional assessment 
using EOB-MRI are not readily applicable to other insti-
tutions, because timings of the hepatobiliary phase dif-
fer from 15 to 20  min after Gd-EOB-DTPA injection, 
depending on the institution [14–16]. Other factors such 
as the dose bias of Gd-EOB-DTPA and protocol bias of 
MRI acquisitions are also limitations for universal appli-
cation of radiological liver functional assessment [7, 14, 

15, 17]. Federico et al. described the key disadvantage of 
liver functional assessment using EOB-MRI as the need 
for specific competence and that almost all previous 
studies were single-center investigations [7]. Preoperative 
liver functional assessment of ICGR15 is also affected by 
the dose of ICG and timing of blood sampling. ICGR15 
should therefore be performed under accurate injection 
with an appropriate amount of ICG and accurate blood 
sampling at 15  min after ICG injection. On the other 
hand, the ICG disappearance rate (ICG-K), which is cal-
culated from the serum ICG concentration at multiple 
time points, reflects changes in ICG concentration over 
time without the dose bias of ICG or the timing bias of 
blood sampling [18, 19]. We expected this quantitative 
evaluation, which analyzed information on infused com-
pounds at multiple time points, would exclude limita-
tions such as the timing bias from imaging and protocol 
bias from MRI acquisition settings, and would facilitate 
the development of widely available radiological assess-
ments of liver function. The aim of this study was to 
develop a novel time-associated radiological liver func-
tional assessment with minimal bias, and verify its cor-
relation with traditional liver functional parameters.

Methods
Patients
Between January 2013 and December 2018, a total of 
312 consecutive patients underwent pancreatectomy for 
pancreatic cancer at the National Cancer Center Hos-
pital East, Chiba, Japan. Of these 312 patients, 33 were 
excluded from analyses due to being contraindicated for 
EOB-MRI (n = 28) or having undergone prior splenec-
tomy (n = 5). The remaining 279 patients who underwent 
standardized EOB-MRI for detecting liver metastasis 
from pancreatic cancer before pancreatectomy were eval-
uated. Since we were investigating fundamental changes 
in LSR over time in normal liver, patients with diagnosed 
liver diseases such as hepatocellular carcinoma were not 
selected, but we investigated patients with pancreatic 
cancer.

Image analysis of EOB-MRI
LSR was calculated using a three-dimensional (3D) vol-
umetric analysis system (SYNAPSE VINCENT; Fuji-
film Medical, Tokyo, Japan) by a single investigator 
(M.K.) under the supervision of an experienced radiolo-
gist (T.K.). Figure  1 shows image analyses before pan-
createctomy for the detection of liver metastasis from 
pancreatic cancer. The indicated liver parenchyma was 
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semi-automatically extracted from a small, operator-
defined volume of interest using the image-processing 
algorithm (Fig.  1a, b). The 3D whole-liver volume was 
then extracted (Fig. 1c), and the average whole-liver sig-
nal intensity was calculated automatically. Similarly, aver-
age whole-spleen signal intensity could be calculated. 
LSR was then calculated as the average signal intensity of 
the whole liver parenchyma divided by that of the whole 
splenic parenchyma. The LSRs of all patients were cal-
culated at the following time points: pre-contrast phase, 
and 20 s, 1 min, 3 min, 10 min, and 15 min after intrave-
nous administration of Gd-EOB-DTPA. The relationship 
between LSR and time after injection was then semi-
logarithmically converted to be straightened, and LSRs at 
the four time points (1, 3, 10, and 15 min after injection) 
were plotted on a semi-logarithmic graph using a non-
logarithmic scale for LSR (y-axis) and a logarithmic scale 
for minutes after infection (x-axis). Next, the approxi-
mate line of these four time points was created using the 
least-squares method. Finally, we defined the slope of the 
approximate line as the novel time-associated liver func-
tional assessment termed “LSR increasing rate” (LSRi). 
We then investigated the correlation between LSRi and 
traditional liver functional parameters such as Child-
Pugh grade and ALBI grade. Finally, we evaluated the 
timing bias of imaging for calculating LSRi by investigat-
ing the correlation between LSRi calculated by four time 
points and LSRi calculated by three time points.

Clinical information
To investigate the relationship between LSRi and clini-
cal factors, the following information at the time of 
MRI evaluation was collected from the medical records 
of patients: age, sex, medical history, blood tests, MRI 
equipment and acquisition protocol. The Child-Pugh 
score was calculated based on the following five variables: 
serum bilirubin level, serum albumin level, prothrombin 
activity, ascites status, and degree of encephalopathy. 
ALBI grade was calculated according to the following 
equation: -0.085 × (serum albumin level, g/L) + 0.66 × 
log (serum total bilirubin level, µmol/L). ALBI score was 

then categorized into the following three grades: ALBI 1, 
≤ -2.60; ALBI 2, > -2.06 to ≤ -1.39; and ALBI 3, > -1.39.

MRI protocol
All MRI studies were performed using 3.0-T scanners at 
our institute (Achieva or Ingenia; Philips Medical Sys-
tems, Amsterdam, the Netherlands). Contrast-enhanced 
3D, fat-suppressed, T1-weighted images were obtained 
at 20 s, 1 min, 3 min, 10 min, and 15 min after intrave-
nous administration of Gd-EOB-DTPA, using either of 
the following settings: repetition time 4 ms, echo time 2 
ms, flip angle 10°, slice thickness 4.6 mm, and matrix size 
512 × 512 for Achieva; or repetition time 3 ms, echo time 
2 ms, flip angle 10°, slice thickness 4.6  mm, and matrix 
size 480 × 480 for Ingenia. Gd-EOB-DTPA was adminis-
tered at a dose of approximately 0.1 mL/kg body weight, 
by rapid intravenous bolus injection using a power 
injector (Sonic Shot GX; Nemoto Kyorindo Co., Tokyo, 
Japan), at a rate of 2 mL/s.

Statistical analysis
Continuous variables are presented as the median and 
range. The slope formula is the vertical change in median 
LSR on the y-axis divided by time (minutes) after con-
trast medium injection on the x-axis. Differences in 
median LSR among patients with or without hyperbiliru-
binemia were evaluated using pairwise comparisons with 
the Mann-Whitney test. Relationships between LSRi 
and clinical factors were also evaluated using the Mann-
Whitney test. Correlations between the LSRi calculated 
using four time points and the LSRi calculated using 
three time points were assessed using the standard Pear-
son’s correlation coefficient. Two-sided P-values of less 
than 0.05 were considered indicative of significance. Sta-
tistical analysis was performed using JMP version 12.0.10 
software (SAS Institute, Cary, NC).

Results
Change in LSR over time after Gd-EOB-DTPA injection
Figure  2 shows changes in LSR before and after Gd-
EOB-DTPA injection. Median LSR in the pre-contrast 

Fig. 1 Image analysis using the three-dimensional volumetric system on magnetic resonance imaging with gadolinium-ethoxybenzyl-diethylenetri-
amine pentaacetic acid. (a) The investigator places a small volume of interest in liver parenchyma. (b) Liver parenchyma is semi-automatically extracted 
from the initial volume-of-interest seed. (c) The three-dimensional whole-liver volume is extracted, and the average whole-liver signal intensity is calcu-
lated automatically
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phase was 1.43 (range, 0.90–1.84) (Fig.  2a). After Gd-
EOB-DTPA injection, the rapid increase in spleen signal 
intensity resulted in a decrease in LSR (Fig. 2b). One min-
ute after Gd-EOB-DTPA injection, liver signal intensity 
was increased and median LSR in the equilibrium phase 
(1 min after contrast medium injection) was 1.14 (range, 
0.61–1.52) (Fig. 2c). The slope of the linear function from 
20  s to 1  min after Gd-EOB-DTPA injection was 0.795. 
After the equilibrium phase, LSR continuously increased, 
but the slope gradually decreased, so a sequential change 
in LSR created a quadratic curve (Fig. 2d-f ).

Difference in LSR difference according to serum bilirubin
Figure  3 shows the time-associated change in the LSR 
based on serum bilirubin level. From the 279 patients 
studied, 51 patients were diagnosed with hyperbiliru-
binemia (total bilirubin > 1.5  mg/dL) due to obstructive 
jaundice at the time of MRI examination. In the pre-
contrast phase, median LSR did not differ significantly 
between the presence or absence of hyperbilirubinemia 
(1.43 each, P = 0.861). Twenty seconds after Gd-EOB-
DTPA injection, median LSR was significantly higher in 
patients with hyperbilirubinemia (0.80) than in patients 
without hyperbilirubinemia (0.61, P < 0.001). One minute 
after injection, median LSR in normal patients (1.14) was 
comparable to that in hyperbilirubinemia patients (1.10, 

P = 0.075). After the equilibrium phase, median LSR was 
significantly higher in normal patients than in patients 
with hyperbilirubinemia, and differences in LSR gradu-
ally increased over time.

Liver functional assessment using changes in LSR over 
time
We determined the quantitative value of the change in 
LSR over time as follows. First, LSRs at four time points 
(1, 3, 10, and 15  min after contrast medium injection) 
were selected (Fig. 4a). We excluded the early phase (20 s 
after Gd-EOB-DTPA injection) because of the unstable 
hemodynamics of the liver and spleen parenchyma. We 
considered that the LSRi would represent only changes in 
liver signal intensity, as a previous study reported that the 
contrast effect of spleen enhancement rapidly returned 
to baseline by 1 min after injection [20]. The relationship 
between LSR and time after injection was then semi-
logarithmically converted to be straightened, and LSRs 
at the four time points (1, 3, 10, and 15 min after injec-
tion) were plotted on a semi-logarithmic graph using a 
non-logarithmic scale for LSR (y-axis) and a logarithmic 
scale for minutes after infection (x-axis) (Fig. 4b). Next, 
the approximate line of these four time points was cre-
ated by the least-squares method, and the slope of the 
approximate line was defined as the LSRi (Fig. 4c). This 

Fig. 2 Time-associated change in liver-to-spleen signal intensity ratio (LSR). (a) Median LSR in the pre-contrast phase is 1.43 (range, 0.90–1.84). (b) After 
contrast medium injection, the increase in spleen signal intensity immediately decreases the LSR. (c) One minute after contrast medium injection, the 
signal intensity of liver parenchyma is similar to that of spleen parenchyma, representing the equilibrium phase. (d–f) After the equilibrium phase, LSR 
continuously increases but the slope gradually decreases
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Fig. 4 The definition of liver-to-spleen signal intensity ratio (LSR) increasing rate (LSRi). (a) Dynamic information on the LSR. Values of LSR calculated using 
four time points (1, 3, 10, and 15 min after injection) are selected. (b) Information from these four time points is plotted on a semi-logarithmic graph using 
a non-logarithmic scale for LSR (y axis) and a logarithmic scale for time after infection (x axis). (c) The approximate line of information from these four time 
points is created using the least-squares method, and the slope of the approximate line is defined as LSRi. The LSRi in this case is 0.3684

 

Fig. 3 Time-associated changes in liver-to-spleen signal intensity ratio (LSR) according to serum bilirubin level. Median LSR in the pre-contrast phase does 
not differ significantly between groups. Twenty seconds after contrast medium injection, LSR is significantly lower in normal patients than in patients with 
hyperbilirubinemia. One minute after contrast medium injection, LSR in normal patients is equivalent to that in patients with hyperbilirubinemia. Sub-
sequently, LSR is significantly higher in normal patients than in patients with hyperbilirubinemia, and the difference in LSR gradually increases over time
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quantitative analysis using information from multiple 
time points is similar to the methodology for calculating 
ICG-K [21, 22].

Visual assessment of relationships between changes in LSR 
over time and traditional liver function
For visual assessment of the relationship between the 
changes in LSR over time and traditional liver functional 
parameters, we compared the approximate line calcu-
lated by the median LSR in patient cohorts divided by 
traditional liver functional parameters (Fig. 5).

Figure  5a shows the approximate line depending on 
patient cohort divided by serum bilirubin level. The slope 
of the approximate line was higher in patients without 
hyperbilirubinemia (slope, 0.3458) than in patients with 
hyperbilirubinemia (slope, 0.1791). Similarly, slopes of 
the approximate line in patients with Child-Pugh grade 
A (Fig. 5b) and ALBI grade 1 (Fig. 5c) were higher than in 
patients with poor liver function.

Correlations between LSRi and traditional liver functional 
assessments
Correlations between LSRi and clinical factors are sum-
marized in Table  1. In all 279 patients, the following 
liver diseases were included: hyperbilirubinemia due to 
obstructive jaundice (n = 51); fatty liver (n = 28); and viral 
hepatitis (n = 12). Patient factors including traditional 
liver functional assessments are presented as median and 
range. Significant correlations were observed between 
LSRi and the following parameters: fatty liver; Child-
Pugh grade; ALBI grade; albumin; total bilirubin; and 
prothrombin time (P < 0.001 each). Conversely, the differ-
ences in MRI equipment and slice thickness did not sig-
nificantly affect the value of LSRi.

Timing bias of imaging for calculating LSRi
In the present study, we initially calculated LSRi using 
information from four time points (1, 3, 10, and 15 min). 
To investigate the timing bias of imaging for calculating 
LSRi, we also calculated LSRi using three time points, 
and compared the values of LSRi calculated using four 
time points and those calculated using three time points. 
Figure 6 shows the variabilities in LSRi calculated by four 
time points and LSRi calculated by three time points. 
Considerably high correlations were observed between 
LSRi values calculated by each method (r > 0.973 each).

Discussion
This study focused on sequential changes in liver signal 
intensity of EOB-MRI and developed LSRi as a novel, 
time-associated radiological assessment of liver function. 
LSRi showed significant correlations with traditional liver 
functional parameters such as Child-Pugh grade, ALBI 
grade, albumin, total bilirubin, and prothrombin time. 
Moreover, the present study revealed that potential limi-
tations, such as timing bias in imaging, the difference in 
MRI equipment, and the difference in slice thickness, had 
little impact on LSRi.

Liver functional assessments can be divided in two 
groups: passive (non-time-associated); and dynamic 
(time-associated). Passive assessments of liver function 
include evaluations of albumin, bilirubin, and prothrom-
bin activity. Systems for scoring liver function such as 
Child-Pugh grade and ALBI grade are also passive assess-
ments of liver function. Previous reports have suggested 
that these types of passive assessments cannot be used as 
rapid indicators of changes in liver function, and are not 
accurate enough to predict outcomes after liver surgery 
[23, 24]. In contrast, dynamic quantitative liver function 

Fig. 5 Approximate line calculated for median liver-to-spleen signal intensity ratio (LSR). (a) The slope of the approximate line is higher in patients with-
out hyperbilirubinemia (slope, 0.3458) than in patients with hyperbilirubinemia (slope, 0.1791). (b) The slope of the approximate line is higher in patients 
with Child-Pugh grade A (slope, 0.3422) than in patients with Child-Pugh grade B or C (slope, 0.1597). (c) The slope of the approximate line is higher in 
patients with albumin-bilirubin (ALBI) grade 1 (slope, 0.3521) than in patients with ALBI grade 2 or 3 (slope, 0.2395)
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Table 1 Correlations between liver-to-spleen signal intensity ratio increasing rate (LSRi) and clinical factors
LSR (15 min) P LSRi P

Age (years) ≥ 70 (n = 146) 2.05 [1.10–2.83] 0.414 0.327 [0.049–0.517] 0.847

< 70 (n = 133) 2.03 [0.99–2.77] 0.326 [0.060–0.566]

Sex Male (n = 156) 2.08 [1.10–2.83] 0.700 0.329 [0.049–0.544] 0.983

Female (n = 123) 2.03 [0.99–2.77] 0.324 [0.059–0.566]

Hypertension Yes (n = 126) 1.99 [0.99–2.83] 0.074 0.319 [0.049–0.513] 0.093

No (n = 153) 2.08 [1.19–2.77] 0.334 [0.052–0.566]

Diabetes Yes (n = 95) 2.00 [0.99–2.83] 0.387 0.319 [0.059–0.517] 0.209

No (n = 184) 2.08 [1.19–2.77] 0.332 [0.049–0.566]

Dyslipidemia Yes (n = 81) 2.04 [0.99–2.83] 0.739 0.329 [0.060–0.513] 0.571

No (n = 198) 2.04 [1.11–2.77] 0.325 [0.049–0.566]

Viral hepatitis Yes (n = 12) 2.03 [1.53–2.60] 0.547 0.304 [0.195–0.499] 0.586

No (n = 267) 2.05 [0.99–2.83] 0.327 [0.049–0.566]

Previous chemotherapy Yes (n = 39) 1.99 [1.48–2.83] 0.541 0.319 [0.168–0.513] 0.571

No (n = 240) 2.05 [0.99–2.77] 0.329 [0.049–0.566]

Fatty liver Yes (n = 28) 1.76 [1.27–2.42] < 0.001* 0.248 [0.049–0.467] < 0.001*

No (n = 251) 2.08 [0.99–2.83] 0.332 [0.052–0.566]

MRI equipment Achieva (n = 166) 2.06 [0.99–2.83] 0.198 0.331 [0.049–0.566] 0.267

Ingenia (n = 113) 2.02 [1.11–2.76] 0.323 [0.052–0.544]

Slice thickness (mm) ≥ 4.8 (n = 92) 1.99 [1.10–2.83] 0.539 0.324 [0.049–0.513] 0.639

< 4.8 (n = 187) 2.05 [0.99–2.68] 0.330 [0.058–0.566]

Child-Pugh grade A (n = 238) 2.09 [0.99–2.77] < 0.001* 0.341 [0.129–0.566] < 0.001*

B or C (n = 41) 1.43 [1.10–2.83] 0.114 [0.049–0.513]

ALBI grade 1 (n = 188) 2.11 [1.51–2.77] < 0.001* 0.355 [0.168–0.566] < 0.001*

2 or 3 (n = 91) 1.79 [0.99–2.83] 0.254 [0.049–0.513]

Platelet count (×104/µL) ≥ 15.8 (n = 245) 2.04 [1.10–2.83] 0.360 0.324 [0.049–0.566] 0.102

< 15.8 (n = 34) 2.06 [0.99–2.76] 0.356 [0.138–0.512]

Albumin (g/dL) ≥ 4.1 (n = 180) 2.09 [1.30–2.77] < 0.001* 0.352 [0.074–0.566] < 0.001*

< 4.1 (n = 99) 1.90 [0.99–2.83] 0.296 [0.049–0.513]

Total bilirubin (mg/dL) ≥ 1.5 (n = 51) 1.50 [1.10–2.56] < 0.001* 0.150 [0.049–0.451] < 0.001*

< 1.5 (n = 228) 2.09 [0.99–2.83] 0.345 [0.129–0.566]

Prothrombin time (%) ≥ 70 (n = 268) 2.06 [1.10–2.83] < 0.001* 0.329 [0.052–0.566] < 0.001*

< 70 (n = 11) 1.44 [0.99–2.09] 0.138 [0.049–0.385]
ALBI grade, albumin-bilirubin grade; LSR, liver-to-spleen signal intensity ratio; LSRi, liver-to-spleen signal intensity ratio increasing rate; MRI, magnetic resonance 
imaging

* P < 0.05; continuous variables were analyzed using the Mann-Whitney test, and are presented as median and range

Fig. 6 Variabilities between liver-to-spleen signal intensity ratio increasing rate (LSRi) as calculated using four time points and LSRi as calculated using 
three time points. Considerably high correlations are evident between LSRi using four time points and LSRi using three time points (r > 0.973 each)
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tests such as ICG-K, which are calculated from ICG con-
centrations at multiple time points, allow precise assess-
ment of liver function by time-associated uptake or the 
metabolic capacity for infused compounds. Previous 
basic and clinical reports have suggested that dynamic 
quantitative liver function tests provide more accurate 
assessment of the specific aspects of liver function than 
passive assessments [23–25]. Some researchers have 
classified ICGR15 as a dynamic liver function test, but 
ICGR15 does not strictly reflect time-associated changes 
in the concentration of ICG, because evaluation is only 
made from two time points, before and 15  min after 
injection [18, 23–25]. Yokoyama et al. reported preopera-
tive liver functional assessment using ICG-K as a more 
useful parameter for predicting PHLF than ICGR15 [25]. 
The third edition of clinical practice guidelines for the 
management of biliary tract cancers published by the Jap-
anese Society of Hepato-Biliary-Pancreatic Surgery also 
recommend using the ICG-K for preoperative assess-
ment of liver function [26]. However, to the best of our 
knowledge, no previous reports have investigated radio-
logical assessments of liver function over time. Changes 
in LSR over time may provide a superior preoperative 
assessment of regional liver function for predicting PHLF 
than LSR using the hepatobiliary phase alone. Investiga-
tion of preoperative liver function using the LSRi to pre-
dict PHLF in patients undergoing major hepatectomy 
remains a matter for future research.

The investigation of radiological liver functional assess-
ment using EOB-MRI has several limitations, such as 
timing bias in imaging, dose bias for Gd-EOB-DTPA, and 
protocol bias for MRI acquisitions [14–17]. Preoperative 
assessment of liver function by ICGR15 similarly involves 
timing bias in blood sampling and should be evaluated 
accurately at 15  min after ICG injection. Conversely, 
ICG-K, which is calculated by multiple blood samplings 
after injection, reflects changes in ICG concentration 
over time and is known to provide functional assessment 
of the liver with minimal timing bias for blood sampling 
[18]. Kumasawa et al. reported that ICG-K calculated 
using blood samples at 3-min intervals after injection 
correlated closely with results calculated from values at 
2-min intervals [18]. The present study revealed high cor-
relations between LSRi calculated using four time points 
and LSRi calculated using three time points. These results 
show that LSRi calculated using EOB-MRI information 
from multiple time points has minimal timing bias.

Liver functional assessment using EOB-MRI in the 
hepatobiliary phase is affected not only by timing bias, 
but also by dose bias of contrast medium and proto-
col bias of MRI acquisitions. Similarly, ICGR15 shows a 
dose bias and requires accurate injection with an appro-
priate amount of ICG for the weight of the patient [19]. 
In contrast, ICG-K has been used for liver functional 

assessment with minimal dose bias for ICG [19]. Aono 
et al. reported that the ICG-K with a 0.5-mg/dL dose of 
ICG was almost the same as that with a 0.1-mg/dL dose 
[19]. This report suggests the speed at which ICG disap-
pears from plasma, as the change in ICG over time, offers 
a universal quantitative assessment regardless of the ICG 
dose. Considering the similar metabolic pathways for 
ICG and Gd-EOB-DTPA, the LSRi reflecting changes 
in Gd-EOB-DTPA uptake over time is expected to pro-
vide a universal quantitative assessment of liver function 
regardless of Gd-EOB-DTPA dose. Moreover, the present 
study suggested that protocol biases in MRI acquisition 
such as MRI equipment and slice thickness do not signifi-
cantly affect the value of the LSRi (Table 1). LSRi is there-
fore expected to facilitate radiological assessment of liver 
function in multiple centers regardless of protocol bias in 
MRI acquisitions.

A previous report suggested that ICGR15 and ICG-K 
values would be worsened with obstructive jaundice, but 
would recover after biliary drainage [27]. Clinical practice 
guidelines therefore recommend that ICGR15 and ICG-K 
for preoperative liver function before hepatectomy 
should be performed after obtaining relief from obstruc-
tive jaundice [26]. Because hyperbilirubinemia worsened 
LSRi in the present study, supplementary investigations 
are necessary to clarify whether LSRi in patients with 
obstructive jaundice recovers after biliary drainage. Of 
the 279 patients in the present study, 228 showed normal 
serum bilirubin at the time of MRI evaluation. Among 
those 228 patients, 47 had a history of biliary drainage 
before MRI evaluation, and the remaining 181 had no 
history of biliary drainage or hyperbilirubinemia during 
the preoperative clinical course. We compared LSRi val-
ues between the 181 normal patients and the 47 patients 
who recovered from obstructive jaundice by biliary 
drainage before MRI evaluation. LSRi in patients with 
a history of biliary drainage (0.327) did not differ sig-
nificantly from that in normal patients (0.355, P = 0.364). 
This result suggests that LSRi after relief from obstructive 
jaundice may prove useful for preoperative assessment 
of liver function, similar to ICGR15 and ICG-K. Future 
studies investigating the association between LSRi and 
PHLF should also focus on patients who recovered from 
hyperbilirubinemia due to obstructive jaundice.

Our study had several limitations. First, this was a 
retrospective, single-center, cohort study of pancre-
atic cancer patients, so our liver functional assessments 
should be validated in other institutions before clini-
cal application as a tool for assessment of liver function 
using EOB-MRI in multiple centers. Moreover, this ret-
rospective study did not include patients diagnosed with 
background liver diseases such as liver cirrhosis, liver 
steatosis, or liver fibrosis. The Child-Pugh grade and 
ALBI grade are also liver functional evaluation originally 
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used for chronic liver injury such as viral hepatitis and 
non-alcoholic liver disease. The correlations between 
LSRi and background liver diseases should therefore be 
investigated. Relationships among the LSRi, ICG, ICG-
K, and clinical outcomes such as PHLF are also worth-
while subjects for future study. To clarify the superiority 
of the LSRi compared to LSR, ICG, and ICG-K as preop-
erative liver functional assessments, investigation of the 
impact of the LSRi on PHLF is necessary. Second, results 
for regional liver function, as the advantage of liver func-
tional assessment using radiological imaging, were not 
investigated in the present study. The LSRi of the future 
remnant liver region could be calculated by 3D volu-
metric analysis. Preoperative evaluation of regional liver 
function using LSRi for hepatectomy should be exam-
ined in a future study. Third, the 3D volumetric analysis 
system sometimes automatically extracts extrahepatic-
parenchymal tissues such as portal veins, hepatic veins, 
small cysts and tumors. However, our previous report 
showed a high correlation between LSR and vascular 
subtraction LSR (LSR excluding extrahepatic-parenchy-
mal tissues), and demonstrated that the LSR adequately 
reflects contrast enhancement of the liver parenchyma 
[8]. Our previous report suggested that liver function 
can be evaluated without subtracting vessels and vascu-
lar perfusion areas. Finally, several protocol biases such 
as repetition time, echo time, flip angle, magnetic fields 
strength, and doses of contrast medium were not inves-
tigated in the present study, and differences among MRI 
manufacturers (such as SIEMENS, GE, and TOSHIBA) 
were not evaluated. These limitations should be investi-
gated in further multicenter research.

Conclusions
The present study revealed that the LSRi, calculated as 
the change in LSR over time, correlated significantly with 
traditional liver functional parameters. This novel time-
associated information on EOB-MRI may overcome the 
limitations of radiological assessment of liver function, 
and is expected to become widely available as a preopera-
tive liver function parameter.

Abbreviations
ALBI  Albumin-bilirubin
EOB-MRI  Magnetic resonance imaging using gadolinium-

ethoxybenzyl-diethylenetriamine pentaacetic acid
Gd-EOB-DTPA  Gadolinium-ethoxybenzyl-diethylenetriamine pentaacetic 

acid
ICG  Indocyanine green
ICGR15  Indocyanine green retention rate at 15 min
LSR  Liver-to-spleen signal intensity ratio
LSRi  Liver-to-spleen signal intensity ratio increasing rate
MRI  Magnetic resonance imaging
PHLF  Post-hepatectomy liver failure

Acknowledgements
The authors would like to thank all participating patients and their families 
who made this study possible.

Authors’ contributions
All authors contributed to the study conception and design. Material 
preparation, data collection and analysis were performed by Masashi Kudo. 
The first draft of the manuscript was written by Masashi Kudo and all authors 
commented on previous versions of the manuscript. All authors read and 
approved the final manuscript.

Funding
This research did not receive any specific grant from funding agencies in the 
public, commercial, or not-for-profit sectors.

Data Availability
The datasets generated and/or analyzed during the present study are 
available from the corresponding author upon reasonable request.

Code Availability
Not applicable.

Declarations

Competing interests
The authors declare no competing interests.

Ethics approval and consent to participate
This study protocol conformed to the ethical guidelines of the 1975 
Declaration of Helsinki and was approved by the institutional review board 
of the National Cancer Center, Japan (reference 2017 − 483). Due to the 
retrospective design and the absence of invasive interventions, a waiver of 
participant informed consent was granted by the institutional review board of 
the National Cancer Center, Japan.

Consent for publication
Not applicable.

Author details
1Department of Hepatobiliary and Pancreatic Surgery, National Cancer 
Center Hospital East, 6-5-1 Kashiwa-no-ha, Kashiwa 277-8577, Chiba, 
Japan
2Department of Diagnostic Radiology, National Cancer Center Hospital 
East, Kashiwa, Japan

Received: 21 October 2022 / Accepted: 23 May 2023

References
1. Søreide JA, Deshpande R. Post hepatectomy liver failure (PHLF) - recent 

advances in prevention and clinical management. Eur J Surg oncology: J Eur 
Soc Surg Oncol Br Association Surg Oncol. 2021;47(2):216–24.

2. Rahbari NN, Garden OJ, Padbury R, Brooke-Smith M, Crawford M, Adam R., et 
al. Posthepatectomy liver failure: a definition and grading by the International 
Study Group of Liver surgery (ISGLS). Surgery. 2011;149(5):713–24.

3. Gilg S, Sandström P, Rizell M, Lindell G, Ardnor B, Strömberg C, et al. The 
impact of post-hepatectomy liver failure on mortality: a population-based 
study. Scand J Gastroenterol. 2018;53(10–11):1335–9.

4. Liu JY, Ellis RJ, Hu QL, Cohen ME, Hoyt DB, Yang AD, et al. Post hepatectomy 
liver failure risk calculator for preoperative and early postoperative period 
following major hepatectomy. Ann Surg Oncol. 2020;27(8):2868–76.

5. Tomimaru Y, Eguchi H, Gotoh K, Kawamoto K, Wada H, Asaoka T, et al. Platelet 
count is more useful for predicting posthepatectomy liver failure at surgery 
for hepatocellular carcinoma than indocyanine green clearance test. J Surg 
Oncol. 2016;113(5):565–9.

6. Zou H, Yang X, Li QL, Zhou QX, Xiong L, Wen Y. A comparative study of 
albumin-bilirubin score with child-pugh score, model for end-stage liver 
disease score and indocyanine green R15 in predicting posthepatectomy 
liver failure for hepatocellular carcinoma patients. Dig Dis. 2018;36(3):236–43.

7. Tomassini F, Giglio MC, De Simone G, Montalti R, Troisi RI. Hepatic function 
assessment to predict post-hepatectomy liver failure: what can we trust? A 
systematic review. Updates Surg. 2020;72(4):925–38.



Page 10 of 10Kudo et al. BMC Surgery          (2023) 23:179 

8. Kudo M, Gotohda N, Sugimoto M, Kobayashi T, Kojima M, Takahashi S, et 
al. Evaluation of liver function using gadolinium-ethoxybenzyl-diethyl-
enetriamine pentaacetic acid enhanced magnetic resonance imaging 
based on a three-dimensional volumetric analysis system. Hepatol Int. 
2018;12(4):368–76.

9. Huppertz A, Balzer T, Blakeborough A, Breuer J, Giovagnoni A, Heinz-Peer G, 
et al. Improved detection of focal liver lesions at MR imaging: multicenter 
comparison of gadoxetic acid-enhanced MR images with intraoperative find-
ings. Radiology. 2004;230(1):266–75.

10. Van Beers BE, Pastor CM, Hussain HK. Primovist, Eovist: what to expect? J 
Hepatol. 2012;57(2):421–9.

11. Utsunomiya T, Shimada M, Hanaoka J, Kanamoto M, Ikemoto T, Morine Y, et 
al. Possible utility of MRI using Gd-EOB-DTPA for estimating liver functional 
reserve. J Gastroenterol. 2012;47(4):470–6.

12. Kukuk GM, Schaefer SG, Fimmers R, Hadizadeh DR, Ezziddin S, Spengler U, et 
al. Hepatobiliary magnetic resonance imaging in patients with liver disease: 
correlation of liver enhancement with biochemical liver function tests. Eur 
Radiol. 2014;24(10):2482–90.

13. Haimerl M, Verloh N, Zeman F, Fellner C, Nickel D, Lang SA, et al. Gd-
EOB-DTPA-enhanced MRI for evaluation of liver function: comparison 
between signal-intensity-based indices and T1 relaxometry. Sci Rep. 
2017;7:43347.

14. Kudo M, Gotohda N, Sugimoto M, Konishi M, Takahashi S, Kobayashi S et al. 
The assessment of regional liver function before major hepatectomy using 
magnetic resonance imaging. Am Surg. 2021;31348211011095.

15. Wang Y, Zhang L, Ning J, Zhang X, Li X, Zhang L, et al. Preoperative remnant 
liver function evaluation using a routine clinical dynamic Gd-EOB-DTPA-
enhanced MRI protocol in patients with hepatocellular carcinoma. Ann Surg 
Oncol. 2021;28(7):3672–82.

16. Imai Y, Katayama K, Hori M, Yakushijin T, Fujimoto K, Itoh T, et al. Prospec-
tive comparison of Gd-EOB-DTPA-enhanced MRI with dynamic CT for 
detecting recurrence of HCC after radiofrequency ablation. Liver Cancer. 
2017;6(4):349–59.

17. Poetter-Lang S, Bastati N, Messner A, Kristic A, Herold A, Hodge JC, et al. 
Quantification of liver function using gadoxetic acid-enhanced MRI. Abdom 
Radiol (NY). 2020;45(11):3532–44.

18. Kumazawa K, Kikuchi T, Oishi T, Nakajima H, Ohigashi S, Kato H, et al. 
Variations in the disappearance rate of indocyanine green. Jpn J Surg. 
1988;18(1):1–6.

19. Ando T, Tsukada K, Sakaguchi T. Utilization of low dose indocyanine green 
test for evaluating liver function. Acta Med Biol. 1994;42(4):165–9.

20. Mirowitz SA, Brown JJ, Lee JK, Heiken JP. Dynamic gadolinium-enhanced 
MR imaging of the spleen: normal enhancement patterns and evaluation of 
splenic lesions. Radiology. 1991;179(3):681–6.

21. Takasaki T, Kobayashi S, Suzuki S, Muto H, Marada M, Yamana Y, et al. 
Predetermining postoperative hepatic function for hepatectomies. Int Surg. 
1980;65(4):309–13.

22. Yokoyama Y, Nishio H, Ebata T, Igami T, Sugawara G, Nagino M. Value of indo-
cyanine green clearance of the future liver remnant in predicting outcome 
after resection for biliary cancer. Br J Surg. 2010;97(8):1260–8.

23. Hoekstra LT, de Graaf W, Nibourg GA, Heger M, Bennink RJ, Stieger B, et al. 
Physiological and biochemical basis of clinical liver function tests: a review. 
Ann Surg. 2013;257(1):27–36.

24. Halle BM, Poulsen TD, Pedersen HP. Indocyanine green plasma disappearance 
rate as dynamic liver function test in critically ill patients. Acta Anaesthesiol 
Scand. 2014;58(10):1214–9.

25. Yokoyama Y, Ebata T, Igami T, Sugawara G, Mizuno T, Yamaguchi J, et al. The 
predictive value of indocyanine green clearance in future liver remnant for 
posthepatectomy liver failure following hepatectomy with extrahepatic bile 
duct resection. World J Surg. 2016;40(6):1440–7.

26. Nagino M, Hirano S, Yoshitomi H, Aoki T, Uesaka K, Unno M, et al. Clinical 
practice guidelines for the management of biliary tract cancers 2019: the 3rd 
English edition. J Hepatobiliary Pancreat Sci. 2021;28(1):26–54.

27. Chen CY, Shiesh SC, Lin XZ. Indicators of liver excretory function in patients 
undergoing biliary decompression for obstructive jaundice. Hepatogastroen-
terology. 1998;45(21):786–90.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations. 


	Liver functional assessment using time-associated change in the liver-to-spleen signal intensity ratio on enhanced magnetic resonance imaging: a retrospective study
	Abstract
	Background
	Methods
	Patients
	Image analysis of EOB-MRI
	Clinical information
	MRI protocol
	Statistical analysis

	Results
	Change in LSR over time after Gd-EOB-DTPA injection
	Difference in LSR difference according to serum bilirubin
	Liver functional assessment using changes in LSR over time
	Visual assessment of relationships between changes in LSR over time and traditional liver function
	Correlations between LSRi and traditional liver functional assessments
	Timing bias of imaging for calculating LSRi

	Discussion
	Conclusions
	References


