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Background: Recent two studies reported that intravoxel incoherent motion (IVIM) analysis can separate 
healthy livers and viral hepatitis B (VHB) induced liver fibrosis. However, in these two studies the starting 
b value for bi-exponential decay analysis was b =10 and 15 s/mm2 respectively. The current study has two 
primary aims. The first is to further confirm the diagnostic value of IVIM in detecting liver fibrosis. The 
second is to test whether by sampling very low b value densely, then b =0 s/mm2 image could be included to 
improve IVIM’s diagnostic performance. 
Methods: This was a prospective study with data acquired at the Third Xiangya Hospital of Central 
South University, Changsha, China. Healthy volunteers and patients suspected of VHB induced liver 
fibrosis with liver biopsy performed, as well as hepatocellular carcinoma patients scheduled for surgery, 
were recruited. All the hepatocellular carcinoma patients had liver fibrosis. After exclusions based on pre-
defined criteria for image data quality, for IVIM analysis this study included 20 healthy volunteers; 4 
chronic VHB patients with biopsy showing no liver fibrosis; 11 stage-1 liver fibrosis patients, 10 stage-2 
liver fibrosis patients, 2 stage-3 liver fibrosis patients, and 5 stage-4 liver fibrosis patients. In the liver 
fibrosis patients, 1, 19, and 8 cases had inflammation grade-0, grade-1, and grade-2 respectively. The 
reference IVIM bi-exponential decay curve fitting analysis was segmented fitting performed with b =2 s/mm2  
image as the starting point and a threshold-b of 60 s/mm2. This reference fitting method was compared with 
threshold-b of 40 s/mm2, full fitting, fitting starting from b =0, 5, and 10 s/mm2 respectively. The potential 
correlation between IVIM readouts and liver function was assessed for the liver fibrosis patients.
Results: Based on the smaller coefficient of variation (CoV) for the volunteer group and the smaller 
patient/volunteer ratios [= (mean measurement for patient groups)/(mean measurement for healthy 
volunteers)], the comparison of fitting methods favored the reference approach starting from b =2 s/mm2 
with a threshold-b of 60 s/mm2. The IVIM measures of four patients without liver fibrosis resembled those 
of healthy subjects. PF offered the best diagnostic value for separating healthy livers and fibrotic livers, and a 
threshold of PF =0.1406 separated all fibrotic livers and healthy livers with an exception of one hepatocellular 
carcinoma patient (fibrosis grade-2/inflammation grade-2). The correlation between fibrosis grading and 
inflammation grading was weakly positive; while compared with fibrotic livers with inflammation grade-1, 
fibrotic livers with inflammation grade-2 showed a trend of higher Dfast. A weak correlation is shown with 
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Introduction

Chronic liver disease is a major public health problem 
worldwide, accounted for approximately 1.3 million 
deaths worldwide in 2015 (1). Viral hepatitis is the most 
common blood-borne infection globally. The end result of 
untreated chronic liver disease is inflammation, loss of liver 
parenchyma, and healing by fibrosis and regeneration. The 
response of hepatocytes to inflammation plays a decisive 
role in the physiopathology of hepatic fibrosis, which 
involves the recruitment of both pro- and anti-inflammatory 
cells such as monocytes and macrophages. These processes 
amplify the response throughout the production of other 
cytokines and chemokines, which increase the stimulus of 
hepatic stellate cells by activating proinflammatory cells. 
Fibrogenic cytokines, such as transforming growth factor 
beta (TGF-β), activated by macrophages facilitate the trans-
differentiation of stellate cells to myofibroblasts, which 
are the main source of production of extracellular matrix. 
Originally considered to be irreversible, hepatic fibrosis is 
now regarded as a dynamic process with the potential for 
regression. Earlier stage liver fibrosis is more amenable to 
therapeutic intervention. In the early stages of fibrosis when 
the cause has been treated (e.g., hepatitis B or C), regression 
occurs in at least 70% of patients with the right antiviral 
management (2,3). The regression of liver fibrosis can be 
complete in early stages, whereas partial and prolonged 
recovery occurs in late or advanced stages (4). Treatment 
with combined therapies on underline etiology and fibrosis 
simultaneously might expedite the regression of liver 
fibrosis and promote liver regeneration. Early detection of 
liver fibrosis is important for early institution of treatment 
and assessing potential for regression and prognosis. 

Currently there is no established non-invasive diagnostic 
method to detect and grade early stage liver fibrosis (5). 

The reference standard for detection and staging of liver 
fibrosis remains being biopsy; however, it is invasive and 
frequently causes pain and discomfort, with risk of bleeding 
and hospitalization and also not suitable for longitudinal 
monitoring. The most clinically used imaging technique 
for evaluation of liver fibrosis is ultrasound elastography, 
while the investigational technique of MR elastography has 
undergone many promising clinical trials. The requirement 
for an external driver is considered a disadvantage for 
MR elastography. As intravoxel incoherent motion 
(IVIM) imaging sequence is widely available in clinical 
MR scanners and there is no need for external device, it 
represents a convenient alternative to existing techniques 
for liver fibrosis evaluation. It is well accepted that liver 
fibrosis is associated with reduced liver perfusion (6-9), and 
progressive loss of endothelial fenestration and deposition 
of collagen in the space of Disse. These processes reduce 
the rate of blood flow and prolong its transit time. Recently 
there has been a great interest of using IVIM technique to 
study diffused liver diseases such as liver fibrosis (10). 

Recently we published two small cohort studies (11,12), 
our results suggested that liver IVIM analysis completely 
separated healthy volunteers and viral hepatitis B (VHB) 
induced liver fibrosis patients. Interestingly, the IVIM 
measurements of four VHB patients who showed no liver 
fibrosis by biopsy resembled those of healthy volunteers (12).  
Moreover, the signal difference between b =0 s/mm2 image 
and very low b value image (such as b =1 or 2 s/mm2) can 
be very substantial, the vessels (including small vessels) 
particularly show high signal without diffusion gradient 
while showing dark signal when the diffusion gradient is 
on even at b =1 s/mm2; thus if the diffusion image signal 
decay is computed starting from b =0 s/mm2 image and 
then increasingly higher b values, then this decay process 
may not follow a biexponential model for region of interest 

lower PF and lower Dfast associated with lower total protein, lower albumin; higher alanine transaminase, 
higher aspartate transaminase; higher total bilirubin, and higher direct bilirubin. 
Conclusions: Segmented-fitting with threshold-b =60 s/mm2 and starting from non-zero very low b value 
outperforms other methods. IVIM has high sensitivity in detecting liver fibrosis, and PF and Dfast have 
potential correlation with serum liver function biomarkers. IVIM measures and liver fibrosis grading are not 
in a linear relationship.
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(ROI) based analysis (13). In our two published studies 
we dealt this difficulty by ignoring the b =0 images, and 
take the assumption that the remaining signal vs. b value 
relationship follows a bi-exponential decay (11,13). This 
simplistic approach seems worked well in our published cases. 
However, in our two last studies, the starting b value for bi-
exponential decay analysis was b =10 s/mm2 and b =15 s/mm2  
respectively, thus very low b values were not available for 
computing IVIM parameters. This study has two primary 
aims. The first is to further confirm the diagnostic value of 
IVIM in detecting liver fibrosis. The second is to test whether 
by sampling very low b value densely, then b =0 s/mm2  
image could be included to improve IVIM’s diagnostic 
performance for liver fibrosis detection. 

Methods

This was a prospective study with MRI data acquired at 
the Third Xiangya Hospital of Central South University, 
Changsha, China. The study was approved by the 
institutional ethical committee of the Third Xiangya 
Hospital, and the informed consent was obtained for all 
the study subjects. Twenty-four healthy volunteers and 28 
consecutive patients suspected of VHB induced liver fibrosis 
with liver biopsy results (pa1–pa20, and pb1–pb8), as well 
as 13 consecutive hepatocellular carcinoma (HCC) patients 
scheduled for surgery (pc1–pc13), were recruited. All the 
hepatocellular carcinoma patients had liver fibrosis. The 
biopsy and histology results of eight patients (pb1–pb8) was 
evaluated at the Second Xiangya Hospital of Central South 
University, while all other patients were evaluated at the 
Third Xiangya Hospital. For patients with chronic VHB, 
biopsy samples of ≥1.5 cm in length were taken from liver 
right lobe using 18-G sized needles under CT-guidance. 
For HCC patients, liver tissue adjacent to the resected 
tumor was processed for staging fibrosis and inflammation. 
The histology diagnosis and grading for liver fibrosis and 
inflammation was based on the widely accepted standard 
(METAVIR score for fibrosis) (14,15). 

Magnetic resonance imaging (MRI) and liver biopsy or 
surgery were performed with less than 1-month interval. 
MRI was performed with a 3-T magnet with 32-channel 
abdominal phased-array coil (Ingenia, Philips Healthcare, 
Best, The Netherlands). In addition to standard clinical 
sequences, IVIM diffusion imaging was based on a single-
shot spin-echo type echo-planar sequence, with 16 b values 
of 0, 2, 5, 10, 15, 20, 25, 30, 40, 60, 80, 100, 150, 200, 
400, and 600 s/mm2. Number of excitations (NEX) was 

1 for b values of 0–150 s/mm2, and NEX was 2 for 400 
and 600 s/mm2. SPIR technique (Spectral Pre-saturation 
with Inversion-Recovery) was used for fat suppression. 
Respiratory-gating was applied and resulted in an average 
TR of 871 ms, and the TE was 57 ms. Other parameters 
included matrix =116×119, field of view =350×372, slice 
thickness =6 mm, inter-slice gap =1.5 mm, number of slices 
=23. The data acquisition period was December 22, 2017 to 
December 13, 2018.

After MRI data acquisition, we performed a data quality 
assessment prior to IVIM analysis as described in our 
reports (12,16). Due to the factor that the balloon used 
for respiratory gating was found to be leaky when the 
study started, images of the initial three patients (pa1–
pa3) and three of initial five volunteers (v1, v4, v5) were of 
insufficient image quality and thus excluded (Figure S1). 
During the remaining study period, one volunteer (v20) 
and four HCC patients were considered to have insufficient 
imaging quality (pc3, pc11–pc13), and two liver fibrosis 
patients had insufficient curve fitting quality (pa16, pb8) 
(Figure S2), resulting in a success rate of 95% (20/21) for 
volunteers and 84% (32/38) for patients. 

After the exclusions described above, there were 20 
healthy volunteers (10 males, 10 females; mean age:  
28.3 years; range, 24–58 years), 4 patients had chronic 
VHB but biopsy did not show liver fibrosis (group-1, all 
with inflammation grade-1), 11 patients had stage-1 liver 
fibrosis (group-2), 10 patients had stage-2 liver fibrosis 
(group-3), and 2 and 5 patients respectively had stage-3 
and stage-4 liver fibrosis (group-4). In the patient group, 
there were 24 males and 8 females, the mean age was  
42.1 years (range, 21–65 years). In the liver fibrosis patients, 
1 case had inflammation grade-0, 19 cases had inflammation 
grade-1, and 8 cases had inflammation grade-2. Overall, 
the correlation between fibrosis grading and inflammation 
grading was weakly positive (Figure S3).

All the study subjects’ results were processed once by a 
trained reader (N Che-Nordin). For IVIM image processing, 
ROIs were placed to cover a large portion of right liver 
parenchyma while avoiding large vessels on b =2 s/mm2 
image (or on b =0 s/mm2 image, or b =5 s/mm2 image/
b =10 s/mm2 image, see paragraphs below) of the selected  
b value image series, with large vessels locations checked on 
b =0 s/mm2 image. With the consideration of respiration 
induced position shift of the same slice data acquisition 
during different b values, sufficient margins were allowed 
between the ROIs and the liver borders, large vessels 
and artifacts. ROIs were then copied and pasted on each 
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corresponding image of each b values. For ROI analysis, the 
IVIM parameters were calculated based on the mean signal 
intensity of the whole ROIs, which offers better estimation 
than pixel-wise fitting when the signal-to-noise ratio (SNR) 
of images is low (17,18). The mean signal intensity of each 
ROI was weighted by the number of pixels included in 
each ROI, then the average of the weighted mean signal 
intensity of individual slice’s ROIs was calculated to obtain 
the average signal value of the liver. 

Curve-fitting algorithms were implemented in a custom 
program developed on MATLAB (Mathworks, Natick, MA, 
USA). Based on our recent experiences (11-13), the analysis 
was performed with b =2 s/mm2 image as the starting point, 
and segmented fitting with a threshold-b (Shb) of 60 s/mm2  
was selected. The signal value at each b  value was 
normalized by attributing a value of 100 at b =2 s/mm2 [Snorm 

= (SI/SI2) ×100, where Snorm is the normalized signal, SI = 
signal at a given b value, and SI2 = signal at b =2 s/mm2]. 
For bi-compartmental model, the signal attenuation was 
modeled according to Eq. [1]:

SI(b) = SI2 × [(1 − PF) × exp(−b × Dslow) + PF × exp(−b × 
Dfast)]	                                                                                [1]

where SI(b) and SI2 denote the signal intensity acquired 
with the b-factor value of b and b =2 s/mm2, respectively (13). 

For segmented fitting, the estimation of Dslow was 
obtained by a least-square linear fitting of the logarithmized 
image intensity at Shb-values greater than 60 s/mm2 to a 
linear equation. The fitted line was then extrapolated to 
obtain an intercept at b =2 s/mm2, and the ratio between 
this intercept and SI2 gave an estimate of PF. Finally, the 
obtained Dslow and PF were substituted into Eq. [1] and 
non-linear least-square fitted against all b values to estimate 
Dfast using Trust-Region algorithm (Figure 1). 

As noted above, in this study the reference results were 
the results computed using segmented fitting with Shb 
=60 s/mm2 and starting from b =2 s/mm2 (Analysis-1). 
These results were then compared with results of: (I) 
using segmented fitting with Shb =40 s/mm2 and starting 
from 2 s/mm2 (Analysis-2); (II) full fitting started from  
b =2 s/mm2 (Analysis-3); (III) using segmented fitting with 
Shb =60 s/mm2 and starting from b =0 s/mm2 (Analysis-4); 
(IV) using segmented fitting with Shb =40 s/mm2 and starting 
from b =0 s/mm2 (Analysis-5); (V) using segmented fitting 
with Shb =60 s/mm2 and starting from b =5 s/mm2 (excluding 
b =0 and 2 s/mm2) (Analysis-6); (VI) using segmented 
fitting with Shb =60 and starting from b =10 s/mm2  

(excluding b =0, 2 and =5 s/mm2) (Analysis-7). For the 
analysis starting from b =0, 5 s/mm2, the ROIs drawn on  
b =2 s/mm2 images were saved and reloaded for processing. 
For the analysis starting from b =10 s/mm2, new ROIs were 
also drawn based on b =10 s/mm2 images, and the IVIM 
parameter results based on the new ROIs and results based 
on ROIs of b =2 s/mm2 was compared and found they 
were broadly similar. Results based on the new ROIs on  
b =10 s/mm2 images were used to compare with other 
methods’ results. 

For IVIM analysis methods comparison, two aspects 
were considered: (I) standard deviation and coefficient of 
variation (CoV) for healthy volunteers, and (II) the mean 
measurement for a patient group divided by the mean 
measurement for healthy volunteers [denoted as patient/
volunteer (pt/vol) ratio in this study]. Taking the assumption 
that IVIM measurement variations among the healthy 
volunteers are more likely due to measurement imprecision 
rather than genuine physiological difference among the 
volunteers, then the computing method resulting in a 
smaller CoV is favored. The smaller the pt/vol ratio, 
the bigger the difference between the measurements for 
patients’ value and healthy volunteers’ value (if there is no 
difference between the mean value of healthy subjects and 
mean value of patients, then pt/vol ratio is 1); therefore, 
the computing approach resulting in a smaller pt/vol ratio 
is favored. In addition, among the three IVIM parameters, 
smallest pt/vol ratio and smallest CoV for PF will be 
favored, as PF offers the best diagnostic value for separating 
healthy volunteers and patients. The separations of healthy 
subjects and patient subjects were also visually assessed by 
a 3D tool. This 3D tool was programed using IBM SPSS 
23 for Windows (SPSS Inc., Chicago, IL, USA), and the 
measurements of Dslow, PF, and Dfast were placed along 
the x-axis, y-axis, and z-axis (11). While the pt/vol ratio 
provide the mean separation between two groups, the 3D 
tool provided assessment for extreme values and outliers.

To investigate the potential correlation between IVIM 
readouts and liver function, three IVIM parameters derived 
from Analyses-1–7 were plotted against serum liver function 
biomarkers of total protein, albumin, alanine transaminase 
(ALT), aspartate transaminase (AST), total bilirubin and 
direct bilirubin. As this part of analysis was not statistically 
planned, emphasis was focused on the visual inspection of 
the graphs for potential correlation. Serum liver function 
biomarkers were not available for the healthy volunteers. 

To assess the inter-reader ROI-based measurement’s 
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reproducibility, 14 randomly selected patients (5 VHB 
patients and 9 HCC patients) were measured independently 
again by a radiology trainee (SW Qiu) who received a 
short period of training on how to draw ROI on liver 
parenchyma. 

Results

The intraclass correlation coefficient (ICC) for inter-reader 
measurement reproducibility was 0.969, 0.95, and 0.83, 
for PF, Dfast and Dslow respectively, thus indicating good 
measurement reproducibility (Table S1).

The comparison of the seven analysis methods for 
healthy volunteers is shown in Table 1. As expected,  
Shb =40 s/mm2 was associated with slightly higher Dslow 
value compared with values computed with Shb =60 s/mm2. 
The smaller starting b values for bi-exponential analysis, 
and more so for b =0 s/mm2, were associated with larger 

PF and Dfast values. Among the seven analysis methods, 
Analysis-1 showed the smallest CoV for all PF, Dfast, and 
Dslow, thus the healthy volunteers data favored Analysis-1. 
The comparison of the seven analysis methods for three 
groups of patients is shown in Table 2. Analysis-1 showed 
the smallest pt/vol ratio for PF of F2 group and F3–4 
group, smallest pt/vol for all three groups’ Dslow, smallest 
CoV for F2 group’s PF, and second smallest CoV for F1 
group’s PF. Analysis-7 showed the smallest pt/vol ratio for 
F1 group’s PF, and the second smallest Dfast pt/vol for F1 
group and the smallest Dfast pt/vol for F2 group. However, 
Analysis-7 was associated with relatively large CoVs. Thus, 
the following analyses were primarily performed using 
Analysis-1 data, and assisted by Analysis-7 when Analysis-7 
showed advantages.

Using Analysis-1, the individual volunteers’ and patients’ 
data are shown in Tables 3,S2,S3 and graphically in Figure 2. 
The IVIM measures of four patients without liver fibrosis 

Figure 1 Bi-exponentially fitted curves from the first included three volunteers and first included three patients. The starting b value is  
2 s/mm2 and the threshold b value is 60 s/mm2. The fitting curve of subject pa6 was considered acceptable as the deviated values are 
distributed symmetrically both below and above the fitting curve. 
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resembled those of healthy subjects. PF offered the best 
diagnostic value for separating healthy livers and fibrotic 
livers, and a threshold of 0.1406 separated all fibrotic livers 
and healthy livers with an exception of patient-C1 (a HCC 
patient with fibrosis grade-2/inflammation grade-2). C1’s 
PF, Dfast, and Dslow were 0.199, 47.5, and 1.01 respectively, 

all well within the range of healthy livers (Table 3).  
Figure 2 shows that there was no notable difference in the 
means of (all) PF, Dslow, and Dfast among the three fibrotic 
liver groups. Dfast offered little value in separating healthy 
livers from fibrotic livers, though the mean Dfast of F3–4 
group was smaller than the other four groups. Figure 2D 

Table 1 IVIM parameters of healthy volunteers computed by seven data processing methods 

Methods PF# Dfast# Dslow#

Anal1: seg fitting, Shb60, b =2~ 0.167±0.025, 0.148* 44.4±8.8, 0.20* 1.16±0.08, 0.07*

Anal2: seg fitting, Shb40, b =2~ 0.152±0.031, 0.207 47.6±10.9, 0.23 1.18±0.11, 0.09

Anal3: full fitting, b =2~ 0.167±0.038, 0.228 43.2±13.6, 0.31 1.14±0.11, 0.10

Anal4: seg fitting, Shb60, b =0~ 0.280±0.051, 0.181 178.3±75.3, 0.42 1.15±0.11, 0.09

Anal5: seg fitting, Shb40, b =0~ 0.273±0.051, 0.185 200.5±79.7, 0.40 1.17±0.11, 0.09

Anal6: seg fitting, Shb60, b =5~ 0.122±0.031, 0.256 26.3±5.9, 0.23 1.15±0.11, 0.09

Anal7: seg fitting, Shb60, b =10~ 0.103±0.029, 0.278 18.5±4.0, 0.22 1.16±0.11, 0.09
#, mean ± standard deviation, CoV; *, denote smallest CoV. Shb60: threshold b =60 s/mm2; b =2~: curve fitting starting from b =2 s/mm2; 
b =0~: curve fitting starting from b =0 s/mm2. Dfast and Dslow in ×10−3 mm2/s. CoV, coefficient of variation; IVIM, intravoxel incoherent 
motion; Anal1, Analysis-1; seg fitting, segmented fitting.

Table 2 Comparison of measure of patients’ value divided by volunteers’ value for IVIM parameter by seven analysis methods

Variables
PF Dfast Dslow

F1 F2 F3-4 F1 F2 F3-4 F1 F2 F3-4

pt/vol1 0.701 0.753# 0.627# 1.14 1.14 0.842 0.864# 0.879# 0.845#

pt/vol2 0.752 0.869 0.686 0.859# 1.15 0.895 0.893 0.892 0.882

pt/vol3 0.698 0.845 0.771 1.294 1.22 0.796 0.921 0.915 0.864

pt/vol4 0.822 0.983 0.710 1.367 1.44 0.783# 0.903 0.902 0.874

pt/vol5 0.829 0.987 0.709 1.301 1.40 0.784 0.895 0.900 0.871

pt/vol6 0.705 0.892 0.824 1.284 1.10 1.09 0.901 0.897 0.904

pt/vol7 0.592# 0.796 0.681 0.967* 0.934# 0.865 0.897* 0.895 0.918

CoV1 0.147* 0.274# 0.179 0.254 0.214 0.301 0.060 0.076 0.144

CoV2 0.141# 0.292 0.301 0.232# 0.139# 0.310 0.057# 0.061# 0.100

CoV3 0.181 0.301 0.301 0.267 0.231 0.466 0.064 0.070 0.115

CoV4 0.158 0.294 0.107# 0.315 0.444 0.470 0.063 0.062 0.104

CoV5 0.152 0.294 0.110 0.300 0.414 0.452 0.057# 0.059 0.105

CoV6 0.237 0.390 0.345 0.237 0.210 0.212# 0.063 0.068 0.096

CoV7 0.326 0.312 0.148 0.428 0.199 0.272 0.059 0.063 0.097#

#, indicates the smallest value in the group; *, the second smallest value in the group. pt/vol1: pt/vol ratio of the group (F1, or F2 or 
F3–4) computed with Analysis-1 method; CoV1: coefficient-of-variation of the group computed with Analysis-1 method. IVIM, intravoxel 
incoherent motion; pt/vol, patient/volunteer.
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shows the Dfast values when Analysis-7 was applied, with 
a weak trend of more severe liver fibrosis associated with 
lower Dfast. Figure 3 shows, compared with fibrotic livers 
with inflammation grade-1, fibrotic livers with inflammation 
grade-2 showed a trend of higher Dfast. 

Figure 4 shows 3D display of healthy volunteer group  

(green dots), patients without liver fibrosis group 
(yellow dots), liver fibrosis patient group (red dots). The 
differentiation of volunteers group and liver fibrosis patient 
group can be visualized by rotating in 3D space (dotted 
yellow line). The distribution of patients without liver 
fibrosis resembled healthy volunteers. Patient-C1 was in the 

Table 3 Mean, standard deviation (SD), of PF, Dslow, and Dfast of healthy volunteers, patients without liver fibrosis (F0), stage 1 liver fibrosis (F1) 
patients, stage 2 liver fibrosis (F2) patients, and stage 3–4 liver fibrosis (F3–4) patients

Variables PF Dfast (×10−3 mm2/s) Dslow (×10−3 mm2/s)

Healthy 0.167±0.025 44.4±8.8 1.16±0.08

Patients F0 0.158±0.012 48.1±3.0 1.12±0.03

Patients F1 0.117±0.017 50.5±12.8 1.00±0.06

Patients F2 0.126±0.035 50.5±10.8 1.02±0.08

Patients F3–4 0.105±0.019 37.4±11.3 0.98±0.14

Figure 2 Scattered plots and mean of PF (A), Dslow (B), and Dfast (C,D) of healthy volunteers (HthF0), patients without liver fibrosis (PtF0), 
stage-1 liver fibrosis (F1) patients, stage-2 liver fibrosis (F2) patients, and stage 3–4 liver fibrosis (F3–4). The starting b value is 2 s/mm2 for 
(A,B,C), and 10 s/mm2 for (D), the threshold b value is 60 s/mm2 for all cases (A,B,C,D).
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healthy volunteer cluster. 
Figure 5 shows potential correlation between PF/Dfast 

and serum liver function biomarkers. Weak correlation 
is shown with lower PF and lower Dfast associated with 
lower total protein, lower albumin; higher ALT, higher 
AST; higher total bilirubin, and higher direct bilirubin. No 
correlation was noted with Dslow and serum liver function 
biomarkers. Visual inspection showed, as compared with 
Analyses-2–6, the correlations between PF/Dfast and serum 
liver function biomarkers were better demonstrated with 
Analysis-1 or Analysis-7. 

Discussion

IVIM diffusion imaging has the promise of obtaining in-vivo 
tissue perfusion/diffusion (PD) information non-invasively. 
However, its clinical diagnostic application at individual 

patient’s level has been challenging (10). In this study, 
the reference method was to compute IVIM results using 
segmented-fitting with Shb =60 s/mm2 and starting from  
b =2 s/mm2 (Analysis-1), and this method was compared 
with six other analysis methods (Analyses-2–7), representing 
our efforts to test and fine-tune data acquisition and data-
post processing so to optimize these procedures. It can 
be expected that the experiences learned for liver fibrosis 
evaluation can also be useful for IVIM analysis of other 
pathologies and other organs, particularly perfusion-rich 
tissues. We recently argued that the commonly used IVIM 
analysis, where the diffusion image signal decay is computed 
starting from b =0 s/mm2 image and then increasingly 
higher b values using a bi-exponential decay model, may 
not be valid as this decay process may not follow a bi-
exponential model for ROI-based analysis (13). A simplistic 
approach ignoring b=0 s/mm2 image seems worked 
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Figure 3 Scattered plots and mean of PF (A), Dslow (B), and Dfast (C) for inflammation grade-1 cases (n=19) and grade-2 cases (n=8) with 
liver fibrosis. Patients without fibrosis and one fibrosis patient with inflammation grade-0 was not included here. The starting b value is  
2 s/mm2, the threshold b value is 60 s/mm2. Infl G1, inflammation grade-1; Infl G2, inflammation grade-2.
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well in our published series (11,12). The current study 
further confirmed that data analysis without b =0 s/mm2,  
particularly starting from b =2 s/mm2, outperformed data 
analysis where b =0 s/mm2 was included (Analyses-4 & 5). 
Since in our last two reports we used 10 and 15 s/mm2 as 
the starting lowest b value for bi-exponential analysis, in this 
study we tested if the addition of b =2 s/mm2 and b =5 s/mm2  
would improve the diagnostic performance. This study 
indeed suggests that addition of b =2 s/mm2 and b =5 s/mm2 
has improved the diagnostic performance compared with 
analysis using b =10 s/mm2 as the lowest b value for analysis. 

This study shows that, overall, IVIM results using 
segmented-fitting with Shb =60 s/mm2 and starting from  
b =2 s/mm2 (Analysis-1) presented the best results compared 
with the other six methods; while Analysis-7, segmented-
fitting starting from b =10 s/mm2, showed some advantages 
in computing Dfast (Figures 2D,5). We argued that the 
selection of signal decay model and fitting model may 
depend on the pathologies to be studied, multiple model 
analyses can be applied for the same pathology (19). We have 
shown that Shb =60 s/mm2 maximizes the distance between 
healthy livers data cluster and fibrotic livers cluster (20).  
While the difference between data computed with Shb =40, 
60, or 80 s/mm2 was not big, the difference between data 
computed with Shb =60 and 200 s/mm2 was substantial (20).  

We also reported better scan-rescan repeatability and 
scan-rescan reproducibility for both PF and Dslow 
when Shb =50 or 80 s/mm2 as compared with when Shb = 
200 s/mm2 (16). Our more recent study also confirmed that 
Shb =60 s/mm2 outperforms Shb =200 s/mm2 for separating 
healthy livers and fibrotic livers (12). However, the lowest 
starting b value for IVIM analysis in those two studies was 
10 and 15 s/mm2 respectively (11,12). Since in the current 
study lower b values of 2 and 5 s/mm2 were sampled, it 
would be theoretically possible a Shb lower than 60 s/mm2 
might work better for separating healthy livers and fibrotic 
livers. However, this study shows that, when the lowest  
b value for analysis was 2 s/mm2, Shb =60 s/mm2 remained 
performing better than Shb =40 s/mm2. The limitations 
of full-fitting method have been previously noted. Park 
et al. (21) showed that full-fitting, particularly when used 
without constrains, may result in a large measurement error 
and a poor reliability of IVIM parameters when the image 
SNR is low. As the full-fitting method simultaneously fits 
all three parameters using a nonlinear least-square fitting 
algorithm, bad data points due to image noise may have led 
to erroneous fitting results, particularly when used without 
constrains, which can be exacerbated in low SNR settings. 
The segmented-fitting method, which estimates each IVIM 
parameter step-by-step, improves the reliability of IVIM 
parameters. Park et al. (21) suggested that for diffusion 
image data with a limited number of b values and a low 
SNR, segmented fitting methods should be preferred over 
full-fitting methods.

The same as our previous studies (11,12), this study 
shows, among the three IVIM parameters, PF showed the 
best diagnostic performance. However, the Dfast value 
calculated with analysis-1 did not meet our pre-study 
expectation. Despite we added very low b =2, 5 s/mm2, 
the diagnostic performance of Dfast was not good in this 
study (Figure 2C). This is likely due to the inclusion of 
these very low b values lead to the inclusion of the initial 
very fast decay for analysis; however, to quantify the initial 
very fast decay, very low b values remained insufficient 
even after b =2, 5 s/mm2 were added, thus Dfast’s variation 
among individuals increased. Even more very low b values 
may be required to reduce errors in Dfast estimation (22).  
Analysis-7 with fitting starting from b =10 s/mm2 showed 
a weak trend that the mean value of Dfast is lower 
in advanced fibrosis than milder fibrosis (Figure 2D). 
Analysis-7 also showed some advantages for correlations 
with serum liver function biomarkers (Figure 5). Though 

Figure 4 3D display of healthy volunteer group (green dots), 
patients without liver fibrosis group (yellow dots), liver fibrosis 
patient group (red dots). Each dot represents one participant. The 
differentiation of volunteer group and liver fibrosis patient group 
can be visualized by rotating in 3D (dotted yellow line) except 
patient-C1. Note the distribution of four viral hepatitis B patients 
without liver fibrosis resembles healthy volunteers.
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Figure 5 Potential correlation between IVIM readouts (PF and Dfast) and serum liver function biomarkers. Vertical redline separates 
normal range and abnormal values which is further marked by red arrow. (A) potential positive correlation between PF and total protein 
(normal range, 65–85 g/L); (B) potential positive correlation between PF and albumin (normal range, 40–55 g/L); (C) potential negative 
correlation between PF and ALT (normal range, 9–50 U/L); (D) potential negative correlation between Dfast and ALT; (E) potential 
negative correlation between PF and AST (normal range, 15–40 U/L); (F) potential negative correlation between Dfast and AST; (G) 
potential negative correlation between Dfast and total bilirubin (normal range, 3.42–20.5 µmol/L), note subjects with total bilirubin >20 had 
low Dfast; (H) potential negative correlation between Dfast and direct bilirubin (normal range, 0–6.81 µmol/L); Anal-1, Analysis-1 method; 
Anal-7, Analysis-7 method; c1x, patient-c1 was excluded from analysis; ALT, alanine transaminase; AST, aspartate transaminase.
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for the fibrotic livers of the current study, PF alone 
provides sufficient separation between healthy subjects and 
patients, it is expected analysis incorporating all three IVIM 
parameters would be useful for marginal cases (11). 

F ibros i s ,  regenera t ive  nodule  format ion ,  and 
intrahepatic vasoconstriction are classical mechanisms 
that account for increased intrahepatic vascular resistance 
in cirrhosis. Mechanisms responsible for the increase 
in sinusoid resistance include a mechanic factor which 
is a direct consequence of fibrosis deposition and a 
dynamic component related to endothelial dysfunction, 
deficient intrahepatic nitric oxide production, increased 
vasoconstrictor production, and other factors that promote 
the increased contraction of hepatic stellate cells (23-25).  
The results of our three studies, including this study and 
two recently reported studies (11,12), and numerous 
previous group-wise reports suggest the majority of fibrotic 
livers have decreased PD (10). This study showed four 
chronic VHB patients without fibrosis had IVIM measures 
resembled those of healthy volunteers, which supports our 
recent report that patients of chronic VHB without fibrosis 
could have normal liver PD (12). However, there was one 
apparent patient outlier, i.e., patient-C1 (fibrosis stage-2/
inflammation stage-2) in this study. The image quality and 
fitting curve of this patient were quite acceptable (Figure S4). 
We additionally performed a preliminary analysis of the 
liver parenchyma signal difference between sb0 (signal at 
b =0 image) and sb2 (signal at b =2 image). This patient 
had (sb0 − sb2)/ROIarea =65.4 and (sb0 − sb2)/sb2 =0.29, 
indicating rich blood vessel density of liver parenchyma (13). 
IVIM measures the PD status of liver, rather than the 
histological structure and collagen deposition of fibrotic 
liver, it is not really unusual that some livers with fibrosis 
may have PD measures in normal range, particularly if 
apparent inflammation is present. 

Though our results suggest IVIM results alone can 
contribute to a very large extent in separating healthy livers 
and fibrotic livers, and advanced stage liver fibrosis shows 
more disturbed PD than early stage liver fibrosis, IVIM has 
not been good at separating fibrotic livers into different 
severity groups defined by histopathological grading. 
This can be partially due to the imprecision of liver IVIM 
measurement and partially due to the tissue sampling bias 
and subjectivity of histopathological assessment. It is also 
highly probable that IVIM measures do not necessarily agree 
with histopathological grading at one-to-one individual 
patients’ level. This point has been suggested by previous 
CT perfusion studies (8,26,27). Thaiss et al. (26) reported 

portal-venous perfusion measured by CT was higher in 
liver fibrosis than in complete liver cirrhosis; however, they 
did not found correlation between perfusion CT parameters 
and Child-Pugh score or the clinical laboratory values. 
With perfusion CT, Ronot et al. (27) demonstrated that, 
compared with those with minimal fibrosis (F1), patients 
with intermediate fibrosis (F2 and F3) had decreased portal 
venous perfusion and total liver perfusion, while the mean 
transit time increased. Multivariate analysis showed only 
mean transit time was an independent factor; however, 
mean transit time allowed discrimination between minimal 
and intermediate fibrosis with a sensitivity of only 71% and 
a specificity of only 65%. Van Beers et al. (8) reported that 
perfusion CT demonstrated liver perfusion was decreased 
and mean transit time was increased in patients with 
cirrhosis; however, there were substantial overlaps among 
control subjects, patients with noncirrhotic chronic liver 
disease, and patients with liver cirrhosis. The correlation 
between severity of liver disease categorized in five classes 
(normal, noncirrhotic chronic liver disease, liver cirrhosis 
Child A, liver cirrhosis Child B, liver cirrhosis Child C) and 
perfusion CT parameters was only modest (8). 

Previous studies showed that the presence of interface 
hepatitis in initial biopsies from patients with chronic 
viral hepatitis C correlates with subsequent development 
of cirrhosis; and an association between the severities 
of necroinflammatory activity in an initial biopsy and 
the development of fibrosis or cirrhosis in follow up  
biopsies (14). As expected, a weak positive association 
was noted between fibrosis grading and inflammation 
grading (Figure S3). In addition to fibrosis, the coexisting 
inflammation is likely to also influence liver PD.

This study shows a trend that, grade-2 inflammation 
might be associated with higher liver perfusion as compared 
with grade-1 inflammation (Figure 3). In interpreting 
Figure 3, it should be noted that, since higher grade of 
inflammation is (weakly) associated higher grade of fibrosis 
and liver fibrosis is associated with a decrease of PF, Dfast 
and Dslow (10,11), then if inflammation does not influence 
PD, grade-2 inflammation livers would demonstrate lower 
IVIM parameters. For example, since Figure 3 shows 
grade-1 inflammation livers and grade-2 inflammation livers 
had similar mean PF values, it is likely that inflammation 
might have already promoted higher PF. The interplay 
between fibrosis and inflammation might have complicated 
the relation between fibrosis severity and the amount of 
Dfast decrease. 

The correlation between IVIM readouts of PF and Dfast 
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and serum liver function biomarkers was noted in this 
study; however, these correlations were neither strong nor 
“clean”. Both IVIM readouts and liver function biomarkers 
have the measurement imprecision issue. In one study, Lazo  
et al. (28) reported that elevated AST, ALT, or bilirubin 
levels were reclassified as normal in more than 30% of 
retested individuals. γ-glutamyltransferase and alkaline 
phosphatase had approximately 15% of adults being 
reclassified as having normal levels after initially abnormal 
test results. On the other hand, these results could be 
unchanged, even after alcohol use, hepatitis infection status, 
and use of medications known to be hepatotoxic were taken 
into account. Fasting time can induce another variable for 
liver function serum biomarkers (29). Note patients with 
liver fibrosis do not necessarily demonstrate abnormal 
serum liver function biomarkers. In our study, serum liver 
function biomarkers were still in normal range for >50% 
of the patients. Therefore, it is not surprising that the 
correlation between IVIM readouts of PF and Dfast and 
serum liver function biomarkers were weak in this study. 
This study did not show correlation between Dslow and 
serum liver function biomarkers.

The correlation between IVIM readouts of PF and 
Dfast and liver fibrosis staging should also be viewed with 
the consideration that liver biopsy is an imperfect method 
to diagnose liver fibrosis. Needle liver biopsy has been 
shown to have a high rate of sampling error in patients 
with diffused parenchymal liver diseases. A liver biopsy 
samples only 1/50,000th of the liver parenchyma, as such 
the sample of liver tissue may not necessarily reflect the 
true degree of inflammation, fibrosis, or cirrhosis (30). 
Sampling errors even occur despite an adequate sample size 
and a satisfactory number of portal tracts. Regev et al. (31)  
reported a comparison between the right and left lobes 
yielded a difference of at least one stage of fibrosis in as many 
as 33.1% of viral hepatitis C patients, although differences 
greater than one stage or grade were uncommon. In addition, 
interpretation of cirrhosis was given in one lobe but not in 
the other in 14.5% cases. When grades of necroinflammatory 
activity were compared, a difference of at least one grade 
between the right and left lobes was found in 24.2% of the 
patients. Poynard et al. once proposed this question: Is there 
a true gold standard for liver fibrosis (32,33)? Non-invasive 
imaging has the advantage that it can potentially examine the 
whole liver with good spatial resolution. 

This study has several limitations. All our patients had 
liver fibrosis due to VHB, whether results of our study can 

be generalized to liver fibrosis of other causes remains to 
be validated. Chronic liver disease causes include chronic 
viral hepatitis, alcohol, non-alcoholic fatty liver disease 
(NAFLD), hemochromatosis, alpha-1 antitrypsin deficiency, 
and cholestatic and autoimmune diseases. NAFLD is 
expected to rise with the high prevalence of obesity and 
type-2 diabetes worldwide (34). The detection of liver 
fibrosis in NAFLD is of high clinical importance as liver 
fibrosis is the single most important factor that determines 
long-term outcome in NAFLD patients (35). Since this 
study shows the addition of very low b values improved the 
diagnostic performance of liver IVIM, we assume there is 
still room for improvement with the b values used in this 
study; for example, we may include more very low b values 
such as 2, 3, 5, 8, 10 s/mm2 for future studies. This may be 
important as in this study Dfast alone performed poorly in 
separating healthy livers and fibrotic livers. When this study 
was started, the radiographers at the Changsha site were not 
experienced in performing IVIM data acquisition, so that 
the images of the first three patients and three of the first 
five volunteers were of all insufficient quality. Excluding the 
initial three volunteers and three patients, 95% (20/21) of 
volunteers and 84% (32/38) of patients had sufficient IVIM 
image quality for analysis. This success rate is similar to 
our recent experience (12). We expect as the radiographers 
gain experiences in acquiring IVIM images, the success 
rate is likely to increase. Moreover, the TR (=871 ms) used 
for IVIM was quite short in this study, so that the image 
quality as assessed subjectively was generally inferior to our 
previous studies performed in Shenzhen (TR =1,600 ms) 
and Nanjing (TR =2,149 ms) (11,12,16). The slice thickness 
(=6 mm) used in this study was also slightly thinner than 
our previous studies (Shenzhen, =7 mm). As this study 
was planned to be exploratory, we did not emphasize the 
statistics, instead we paid more attentions to the trends 
demonstrated in the results. We may leave the statistics 
to the final large-scale study or meta-analysis. Another 
limitation of this study is that our volunteers were younger 
than the patients. Lastly, as post-meal and fasted status may 
influence blood flow to the liver, it can be recommended in 
the future that all patients should fast for 6 hours before the 
MRI procedure (36). 

In conclusion, we compared seven IVIM data analysis 
methods, and the results suggest that segmented-fitting 
with Shb =60 s/mm2 and starting from non-zero very low 
b value (b =2 s/mm2 in this study) outperformed other 
methods. Since our b value distribution might not have 
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offered most reliable Dfast estimation, this study also 
showed segmented-fitting starting from a low b value of  
10 s/mm2 was useful in some circumstances. This study 
further confirms the practical appropriateness of excluding 
b =0 s/mm2 for bi-exponential decay analysis, even two very 
low b values (b =2 and 5 s/mm2) were sampled in this study. 
This study demonstrates that IVIM has high sensitivity in 
detecting liver fibrosis, and PF and Dfast have potential 
correlation with serum liver function biomarkers. However, 
IVIM measures and liver fibrosis grading are not in a 
linear relationship, and this may also be complicated by 
that higher-grade liver inflammation might be associated 
with higher Dfast measure. In combination of our 
recent two studies, our data suggest that IVIM measures 
can be independent biomarkers for evaluating liver 
pathophysiology (37). In the meantime, we acknowledge 
that the liver IVIM data acquisition and post-processing 
methods remain to be further optimized. 
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Supplementary 

Figure S1 Example images of two volunteers (A,B) and six patients (C,D,E,F,G,H) excluded for IVIM analysis due to insufficient image quality. (A) Volunteer V01, b =2, 5, 10 images of the same plane. Notable 
position shift is present, and b =5 image is blurry. (B) Volunteer V20. The images of the whole set are blurry. Examples of b =200 and 600 images of the same plane are presented. (C) Patient pa1. The images of 
the whole set are blurry. Examples of b =40 and 80 images of the same plane are presented. (D) Patient pa2. b =15, 20, 80 and 100 images of the same plane are presented. b =15, 80 images are blurry, note the “double” 
portal vein appearance. Notable position shift is also present. (E) HCC patient pc3. b =20, 40, 80 and 200 images of the same plane are presented. Notable position shift is present. The tumor is evident on b =20 
image, barely visible on b =40 image, and not visible on b =80 image. The portal vein appearance also differs among these four images. (F) HCC patient pc11. b =20, 60, 200 and 600 images of the same plane are 
presented. The images of the whole set are blurry and were considered un-usable for IVIM analysis. (G) HCC patient pc12. b =60, 100, 200 and 600 images of the same plane are presented. This case’s images 
were considered un-usable for IVIM analysis. (H) HCC patient pc13. b =40, 100, 150 and 400 images of the same plane are presented. The images of the whole set are blurry and notable position shift is present. 
IVIM, intravoxel incoherent motion; HCC, hepatocellular carcinoma.
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Figure S2 Poorly fitted curves of two volunteers and two patients who were excluded from final analysis. 



Figure S3 Correlation between fibrosis grading and inflammation. There is a weak positive correlation between fibrosis grading and 
inflammation grading (P=0.0448). Only liver fibrosis patients included for IVIM analysis are presented. IVIM, intravoxel incoherent motion.
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Table S1 Inter-reader ROI-based measurement reproducibility data for Dfast, Dslow and PF

Patient ID
Reader 1 Reader 2

Dfast Dslow PF Dfast Dslow PF

pa13 46.47 1.07 0.16 51.31 0.97 0.16

pa14 45.69 1.13 0.17 42.29 1.17 0.17

pb1 46.12 0.98 0.14 45.81 0.99 0.17

pb2 54.08 1.01 0.11 53.09 1.13 0.12

pb3 40.3 1.05 0.13 40.01 1.07 0.13

pc1 41.67 1.13 0.2 46.02 1.1 0.2

pc2 43.43 1.03 0.08 54.65 1.07 0.08

pc4 35.75 0.97 0.11 39.16 0.97 0.11

pc5 31.33 0.91 0.1 35.66 0.97 0.09

pc6 39.85 1.14 0.08 43.3 1.18 0.09

pc7 23.15 1.04 0.1 23.15 1.04 0.1

pc8 38.46 1.15 0.12 38.78 1.22 0.12

pc9 59.18 0.91 0.1 56.68 0.93 0.11

pc10 77.71 1.12 0.14 74.78 1.19 0.14

ROI, region of interest.



Table S2 Dfast, Dslow and PF values of healthy volunteers computed by seven analysis approaches (see the method section for details)

Volunteer ID
Analysis-1 Analysis-2 Analysis-3 Analysis-4 Analysis-5 Analysis-6 Analysis-7

Dfast Dslow PF Dfast Dslow PF Dfast Dslow PF Dfast Dslow PF Dfast Dslow PF Dfast Dslow PF Dfast Dslow PF

V02 45.333 1.194 0.167 52.96 1.231 0.154 46.964 1.209 0.164 116.686 1.2 0.227 144.001 1.233 0.216 22.685 1.194 0.112 18.789 1.159 0.089

V03 37.466 1.077 0.163 42.511 1.009 0.152 33.936 0.96 0.172 154.855 0.969 0.278 189.201 0.998 0.27 22.468 0.977 0.122 17.356 0.961 0.103

V06 37.295 1.211 0.238 40.841 1.251 0.226 32.618 1.159 0.257 73.074 1.144 0.31 80.931 1.181 0.299 28.71 1.211 0.209 20.852 1.23 0.166

V07 34.303 1.31 0.164 38.31 1.35 0.119 26.861 1.289 0.145 182.05 1.32 0.227 214.057 1.345 0.219 21.696 1.31 0.114 10.576 1.353 0.067

V08 47.877 1.232 0.141 52.648 1.251 0.135 51.957 1.251 0.135 123.37 1.232 0.221 139.904 1.251 0.215 28.548 1.232 0.106 14.34 1.29 0.078

V09 39.892 1.289 0.159 38.835 1.319 0.149 28.101 1.232 0.181 146.573 1.295 0.301 170.825 1.322 0.294 27.901 1.289 0.144 22.267 1.308 0.153

V10 49.622 1.183 0.144 53.301 1.199 0.118 56.622 1.197 0.12 206.266 1.183 0.234 230.144 1.199 0.229 30.952 1.183 0.091 16.918 1.208 0.068

V11 35.795 1.121 0.147 37.303 1.104 0.111 32.939 1.097 0.12 184.326 1.104 0.237 227.849 1.121 0.231 20.126 1.104 0.087 17.799 1.093 0.094

V12 62.388 1.094 0.149 68.68 1.112 0.143 72.915 1.138 0.139 225.078 1.103 0.274 243.852 1.119 0.27 34.926 1.094 0.107 17.988 1.097 0.079

V13 50.265 1.134 0.173 55.356 1.152 0.136 53.376 1.151 0.139 205.343 1.134 0.256 232.103 1.152 0.25 22.948 1.134 0.09 18.648 1.124 0.089

V14 51.648 1.112 0.2 56.256 1.017 0.192 53.329 1.011 0.197 239.286 0.992 0.366 263.416 1.0175 0.359 30.875 0.992 0.147 22.64 0.981 0.133

V15 39.812 1.121 0.158 39.012 1.131 0.115 31.275 1.05 0.145 80.59 1.121 0.214 85.355 1.131 0.21 21.175 1.121 0.103 18.068 1.095 0.083

V16 62.507 1.175 0.153 70.208 1.198 0.145 67.161 1.193 0.148 302.073 1.175 0.307 331.471 1.198 0.3 33.604 1.175 0.104 20.149 1.186 0.092

V17 34.698 1.017 0.181 29.479 1.028 0.177 31.896 0.914 0.219 353.835 1.017 0.394 369.992 1.028 0.392 16.399 1.017 0.127 22.687 1.025 0.156

V18 45.735 1.149 0.185 49.294 1.172 0.177 43.482 1.134 0.19 220.391 1.149 0.355 241.518 1.172 0.349 36.002 1.149 0.163 20.125 1.144 0.117

V19 35.202 1.083 0.208 39.872 1.134 0.212 33.037 1.054 0.237 72.451 1.083 0.315 85.925 1.134 0.301 21.46 1.083 0.173 9.885 1.135 0.104

V21 36.603 1.142 0.148 39.522 1.161 0.141 32.569 1.112 0.158 114.069 1.142 0.255 129.712 1.161 0.249 21.648 1.142 0.108 19.085 1.153 0.097

V22 42.35 1.318 0.159 38.605 1.435 0.154 32.845 1.378 0.171 123.211 1.418 0.278 138.046 1.435 0.273 23.597 1.418 0.125 16.177 1.338 0.113

V23 44.196 1.136 0.144 50.42 1.156 0.125 46.052 1.144 0.131 246.966 1.132 0.262 284.282 1.156 0.255 23.261 1.132 0.094 17.815 1.121 0.08

V24 55.824 1.128 0.164 58.516 1.139 0.15 56.697 1.134 0.153 195.686 1.128 0.282 206.699 1.139 0.279 36.747 1.128 0.119 27.639 1.117 0.107

Mean 44.441 1.161 0.167 47.596 1.177 0.152 43.231 1.14 0.166 178.309 1.152 0.28 200.464 1.175 0.273 26.287 1.154 0.122 18.49 1.156 0.103

SD 8.798 0.079 0.025 10.897 0.108 0.031 13.603 0.11 0.0379 75.305 0.107 0.051 79.715 0.107 0.051 5.944 0.106 0.031 4.031 0.108 0.029

CoV 0.198 0.068 0.148 0.229 0.093 0.207 0.315 0.096 0.228 0.422 0.093 0.181 0.398 0.091 0.185 0.226 0.092 0.256 0.218 0.094 0.278

Dfast and Dslow: ×10−3 mm2/s. Analysis 1: segmented fitting, Shb =60 s/mm2, starting from b =2 s/mm2; Analysis-2: segmented fitting, with Shb =40 s/mm2 and starting from b =2 s/mm2; Analysis-3: full fitting, start from b =2 s/mm2; Analysis-4: segmented fitting, Shb =60 s/mm2, start from 
b =0 s/mm2; Analysis-5: segmented fitting, Shb =40 s/mm2, start from b =0 s/mm2; Analysis-6: segmented fitting, Shb =60 s/mm2, start from b =5 s/mm2; Analysis-7: segmented fitting, Shb =60 s/mm2, start from b =10 s/mm2. 



Table S3 Dfast, Dslow and PF values of four groups of patients computed by analysis approach-1, starting from b =2 s/mm2 and the threshold  
b value was 60 s/mm2

Patient ID Fibrosis Dfast (×10−3 mm2/s) Dslow (×10−3 mm2/s) PF

Group-1

pa4 Biopsy F0 52.326 1.13 0.15

pa13 Biopsy F0 46.465 1.07 0.164

pa14 Biopsy F0 45.689 1.125 0.172

pb9 Biopsy F0 47.775 1.137 0.146

Mean – 48.063 1.115 0.158

SD – 2.969 0.031 0.012

Group-2

pa5 Stage-1 38.956 0.941 0.126

pa6 Stage-1 49.672 0.954 0.107

pa10 Stage-1 43.406 0.931 0.136

pa11 Stage-1 44.999 0.931 0.11

pa12 Stage-1 55.494 1.105 0.098

pa15 Stage-1 54.538 1.02 0.085

pa18 Stage-1 43.301 0.993 0.136

pa19 Stage-1 49.303 1.043 0.136

pa20 Stage-1 84.362 1.084 0.11

pb2 Stage-1 54.084 1.012 0.114

pb8 Stage-1 37.383 1.023 0.132

Mean – 50.500 1.003 0.117

SD – 12.809 0.06 0.017

Group-3

pa7 Stage-2 45.3 0.926 0.114

pa8 Stage-2 44.875 0.918 0.07

pa17 Stage-2 47.924 0.945 0.126

pb1 Stage-2 46.123 0.982 0.14

pb3 Stage-2 40.295 1.054 0.127

pb4 Stage-2 54.151 1.104 0.127

pc1 Stage-2 47.46 1.014 0.199

pb5 Stage-2 57.349 1.12 0.138

pc2 Stage-2 43.432 1.026 0.084

pc10 Stage-2 77.711 1.12 0.136

Mean – 50.462 1.021 0.126

SD – 10.793 0.078 0.035

Group-4

pc4 Stage-3 35.752 0.974 0.106

pb6 Stage-3 38.458 1.146 0.117

pb7 Stage-4 35.279 0.749 0.138

pc5 Stage-4 31.326 0.91 0.103

pc6 Stage-4 39.847 1.144 0.079

pc7 Stage-4 22.042 1.037 0.095

pc9 Stage-4 59.178 0.911 0.097

Mean – 37.412 0.982 0.105

SD – 11.265 0.142 0.019

IVIM analysis starting from b =2 s/mm2 and the threshold b value was 60 s/mm2. Dfast and Dslow: ×10−3 mm2/s. IVIM, intravoxel incoherent 
motion; ROI, region of interest. 

Figure S4 The acceptable fitting curve of patient-C1 with IVIM analysis starting from b =2 s/mm2 and threshold b value of 60 s/mm2. IVIM, 
intravoxel incoherent motion.
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