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Background: Recently a small cohort study demonstrated that intravoxel incoherent motion (IVIM) 
diffusion MRI can detect early stage liver fibrosis. Using modified IVIM data acquisition parameters, the 
current study aims to confirm this finding. 
Methods: Twenty-six healthy volunteers, three patients of chronic viral hepatitis-b but without fibrosis and one 
mild liver steatosis subject, and 12 viral hepatitis-b patients with fibrosis (stage 1–2=7, stage 3–4=5) were included 
in this study. With a 1.5-T MR scanner and respiration-gating, IVIM diffusion imaging was acquired using a 
single-shot echo-planar sequence with a b-value series of 2, 0, 1, 15, 20, 30, 45, 50, 60, 80, 100, 200, 300, 600, 800 
s/mm2. Signal measurement was performed on right liver parenchyma. The first three very low b-values were 
excluded to improve the curve fitting stability, and bi-exponential segmented fitting was performed using the 12 
b-values of 15~800 s/mm2. Both threshold b-values of 60 s/mm2 and 200 s/mm2 were tested. With a 3-dimensional 
tool, Dslow (D), PF (f) and Dfast (D*) values were placed along the x-axis, y-axis, and z-axis, and a plane was 
defined to separate healthy volunteers from liver fibrosis patients. 
Results: Threshold b-value of 60 s/mm2 was preferred over 200 s/mm2 for separating healthy volunteers 
and liver fibrosis patients. The IVIM measures of the four patients without fibrosis resembled those of 
healthy volunteers. When threshold b-value =60 s/mm2 was applied, PF (PF <6.49%) could differentiate 
healthy livers and all fibrotic livers with 100% sensitivity and specificity. For the patients’ measurement, 
PF and Dfast were highly correlated with a Pearson correlation coefficient r of 0.865 (P<0.001); while the 
correlations between slow diffusion compartment (Dslow) and fast diffusion compartment (Dfast or PF) were 
not statistically significant. 
Conclusions: This study confirms previous report that IVIM diffusion MRI has high diagnostic 
performance in detecting viral hepatitis-b induced liver fibrosis
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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). 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. 
Viral hepatitis is the most common blood-borne infection 
worldwide. Regardless of the etiology, the end result of 
untreated chronic liver disease is inflammation, loss of liver 
parenchyma, and healing by fibrosis and regeneration. 
Clinically liver fibrosis usually has an insidious onset 
and progresses slowly over decades. The deposition of 
fibrosis in the liver is a slow and gradual process balanced 
with degradation of fibrosis by metalloproteinases and 
regeneration in the early stages. In untreated chronic liver 
disease, this process continues for years until when the 
degradation process fails and fibrosis progresses rapidly 
thereafter. 

Originally considered to be irreversible, hepatic fibrosis 
is now regarded as a dynamic process with the potential for 
regression. Studies have demonstrated regression of liver 
fibrosis after treatment of the underlying pathology (2,3). 
Earlier stage liver fibrosis is more amenable to therapeutic 
intervention. 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. Even when the 
underline etiology of liver fibrosis could not be eradicated, 
therapies on liver fibrosis might help delay the progression 
of the disease to cirrhosis. Therefore, early detection and 
staging of liver fibrosis are important for early institution of 
treatment and assess potential for regression and prognosis. 
To date, the reference standard for detection and staging 
of liver fibrosis remains being biopsy, but it is invasive, 
and frequently causes pain and discomfort, with risk of 
bleeding and hospitalization and therefore not suitable for 
longitudinal monitoring.

Intravoxel incoherent motion (IVIM) reflects the 
random microscopic motion that occurs in voxels on 
MR images of water molecules (either intra-cellular 
or extracellular) and the microcirculation of blood. Le 
Bihan et al. (5-8) proposed the principle of IVIM which 
enables the quantitative parameters that separately reflect 
tissue diffusivity and tissue microcapillary perfusion to 

be estimated. Molecular water diffusion in fibrotic liver 
would be restricted by the presence of collagen fibers in 
the distorted lobular structure. Given the relatively high 
blood volume fraction of <25–30 mL of blood per 100g in  
liver (9), perfusion can contribute to the diffusion 
measurements significantly because of the incoherent 
motion of blood in pseudorandom capillary network at 
the macroscopic level. It is well accepted that liver fibrosis 
is associated with reduced liver perfusion (10-13), 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 great interest of using IVIM technique 
to study diffused liver diseases such as liver fibrosis (14). 
In one our recent report (15,16), we demonstrated that 
a combination of PF, Dfast and Dslow, can be used to 
separate fibrotic livers from healthy livers. Since our recent 
report was based in a small cohort of patients (16 healthy 
volunteers and 33 hepatitis-b liver fibrosis patients) (15), 
hereby we performed a study with the aim to confirm our 
previous observation. 

Methods

This is a prospective study with MRI data acquired at 
The Third People’s Hospital of Shenzhen, China. It was 
approved by the institutional ethical committee of The 
Third People’s Hospital of Shenzhen and the informed 
consent was obtained for all the subjects. Twenty-six healthy 
volunteers (14 males, 12 females, mean age: 24 yrs old; 
range: 20–41 yrs old) and 19 consecutive patients suspected 
of liver fibrosis with liver biopsy results were recruited. 
The data acquisition periods for healthy volunteer were 
July 27, 2017 to Aug 11, 2017 (n=10), and Oct 14, 2018 
to Nov 2, 2018 (n=16). The data acquisition period for 
patients was Sep 17, 2017 to Oct 21, 2018. Liver biopsy and 
MRI were performed with less than one-month’s interval. 
Three patients had chronic viral hepatitis-b infection, but 
did not show liver fibrosis, and one patient’s biopsy result 
showed only mild simple steatosis (Figure S1). These four 
patients were all males, aged 19–57 yrs. The liver fibrosis 
patient cohort (mean age: 46 yrs, range: 22–62 yrs) had 
four stage 1 subjects, three stage 2 subjects, four stage 3 
subjects, and one stage 4 subject, all with chronic viral 
hepatitis-b. One patient additionally had hepatocellular 
carcinoma. The histology diagnosis for liver fibrosis was 
based on the consensus of the 2000 Xi’an consensus of the 
Chinese Society of Infectious Disease and Parasitology and the 
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Chinese Society of Hepatology (17), and being very similar 
to METAVIR score (18). Stage 1 liver fibrosis (F1) is 
mild fibrosis only seen at the portal area; stage 2 liver 
fibrosis (F2) indicates fibrosis extending out from the 
portal areas with rare bridges between portal areas, but 
without the destruction of the lobular structure; stage  
3 liver fibrosis (F3) is severe fibrosis, there is fibrotic 
bridging between portal areas and between portal areas and 
center veins; and in stage 4 (F4, cirrhosis) there are pseudo-
lobules formed. 

MR imaging was performed with a 1.5-T magnet 
(Achieva, Philips Healthcare, Best, Netherlands). The 
IVIM diffusion imaging was based on a single-shot spin-
echo type echo-planar sequence, with 15 b-values of 2, 0, 1, 
15, 20, 30, 45, 50, 60, 80, 100, 200, 300, 600, 800 s/mm2. 
This b-values series was designed aiming to overcome the 
perceived shortcoming of our initial report where b =0 s/
mm2 was not acquired (15), and the first b=2 s/mm2 was used 
as a pre-scan to stabilize magnetization. SPIR technique 
(Spectral Pre-saturation with Inversion-Recovery) was 
used for fat suppression. Respiratory-gating was applied 
in all scan participants and resulted in an average TR of  
1,600 ms, and the TE was 63 ms. Other parameters 
included slice thickness =7 mm and inter-slice gap 1 mm, 
matrix =124×97, FOV =375 mm × 302 mm, NEX =2, 
number of slices =6. 

As described in our report (19), we performed a data 
quality assessment prior to IVIM analysis. Eighteen and 8 
volunteers’ data were classified to be good quality and fair 
quality respectively. Eight, 8, and 3 patients were classified 
to be good quality, fair quality and insufficient data quality 
respectively, with the later 3 patients’ data excluded for 
IVIM analysis (Figure S2). 

For individual study subjects, poor image slices were 
additionally excluded, resulting a mean of 5.6 slices for 
volunteer and 4.9 slices for patients included for analysis. 
At least three fair quality slices were required to qualify for 
a subject’s inclusion in the analysis. No exclusion was made 
based on fitting curve appearances. 

Regions-of-interests (ROIs) were placed to cover a 
large portion of right liver parenchyma while avoiding 
large vessels on b =15 s/mm2 image 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 (Figure 1). ROIs were then copied and pasted 

on each corresponding image of each b-values. For ROI 
analysis, the IVIM parameters were calculated based on 
the mean signal intensity of the whole ROI, which offers 
better estimation than pixel-wise fitting when the signal-to-
noise ratio (SNR) of images is low (20,21). The mean signal 
intensity of each ROIs 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. All the study 
subjects’ results were measured twice by the same trained 
radiographer reader, and the resulting two measurements 
were used to assess intra-reader measurement reproducibility. 
The mean of the two measurements was then used as the 
result of the study subjects for further analysis. 

Curve-fitting algorithms were implemented in a custom 
program developed on MATLAB (Mathworks, Natick, 
MA, USA). In our pilot IVIM data analysis, we used the 14 
b-value series of 0, 1, 15, 20, 30, 45, 50, 60, 80, 100, 200, 
300, 600, 800 s/mm2 for bi-exponential segmented fitting. 
It was found the fitting was unstable due to a lack of b-value 
points between b=1 s/mm2 and b=15 s/mm2. Later we shifted 
the b=2 s/mm2 image to the third place of diffusion imaging 
series (therefore 15 b-values for curve fitting, i.e., 15 
b-values series = 0, 1, 2, 15…). It was found that, despite the 
addition of b-value =2 s/mm2 image, the fittings were still 
unstable, with large variations among healthy volunteers. 
Finally, it was decided to abandon the three images of  
b=0, 1, 2 s/mm2, and b=15 s/mm2 was used as the starting 
point for bi-exponential segmented fitting similar to our 
previous report (15,22). The signal value at each b-value 
was normalized by attributing a value of 100 at b=15 s/mm2 
[Snorm = (SI/SI15) ×100, where Snorm is the normalized signal, 
SI=signal at a given b-value, and SI15 =signal at b=15 s/mm2]. 
The thresholds of b=60 and 200 s/mm2 were both tested for 
segmented fitting. For bi-compartmental model, the signal 
attenuation was modeled according to Eq. [1] (8):

SI(b) =SI15 × [(1 − PF) × exp(−b × Dslow) + PF × exp(−b × Dfast)	
[1]

where SI(b) and SI15 denote the signal intensity acquired 
with the b-factor value of b and b =15 s/mm2, respectively (8). 

The estimation of Dslow was obtained by a least-squares 
linear fitting of the logarithmized image intensity at the 
threshold b-values greater than 60 or 200 s/mm2 to a linear 
equation. The fitted line was then extrapolated to obtain an 
intercept at b=15 s/mm2, and the ratio between this intercept 
and SI15 gave an estimate of PF [figure 7 of reference (23)]. 
Finally, the obtained Dslow and PF were substituted into Eq. [1] 
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Figure 1 Relationship between diffusion weighted image and b-value. (A) Demonstration of a diffusion weighted images with twelve b-values 
from a participant; (B) signal and b-value relationship of the liver slice in C; (C) demonstration of a careful ROI drawing to avoid liver 
vasculature.
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and non-linear least-square fitted against all b-values to estimate 
Dfast using the Trust-Region algorithm. 

For visual display, a three-dimensional 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. 

The correlations of PF vs. Dfast, Dslow vs. PF, and 
Dslow vs. Dfast were inspected graphically and Pearson 
correlation analysis was performed. For this purpose, the 
values of the three IVIM parameters were re-scaled, with 
the mean measures of PF, Dslow, and Dfast for all patients 
(n=16) re-scaled to be 1. 

Results

The intraclass correlation coefficient (ICC) of intra-reader 
agreement was 0.925 for PF, 0.949 for Dfast, and 0.909 
for Dslow respectively (individual’s measurement results 
shown in Tables S1,S2). The Coefficient of variances, 
(CoVs, standard deviation/mean) for PF, Dfast and 
Dslow in healthy volunteers for the first measurements 
when threshold b=60 s/mm2, and for the means of the 
two measurements for threshold b=60 or 200 s/mm2 are 
shown in Table 1. The mean of the two measurements for 
threshold b-value of 60 s/mm2 showed smallest CoV and the 
measurements of threshold b-value of 200 s/mm2 showed 
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largest CoV, such favoring threshold b-value of 60 s/mm2 

and measuring twice.
The results by using b-value threshold of 60 or  

200 s/mm2 for the healthy volunteers, patients without 
fibrosis, and patients with liver fibrosis are shown in Table 2, 
and scattered plots for results of using b-value threshold of 
60 or 200 s/mm2 are shown in Figures 2 and 3. A comparison 
of Figure 2 and Figure 3 indicated the superiority of using 
threshold of 60 s/mm2 compared with b-value threshold of 
200 s/mm2 for separating healthy volunteers and patients. 
Figure 2 shows PF offered best differentiation of the three 
groups, followed by Dfast. Table 2 shows smaller pts/vols 
ratio (mean measurement for patients divided by the mean 
measurement for healthy volunteers) for all the three 
parameters when b-value threshold of 60 s/mm2 was used 
as compared with when b-value threshold of 200 s/mm2 
was used, therefore favoring b-value threshold of 60 s/mm2. 
Classification and regression tree (CART) model showed 
when threshold b-value =60 s/mm2 was applied, PF (PF 
<6.49%) could differentiate healthy livers and all fibrotic 

livers with 100% sensitivity and specificity.
By adjusting the viewing angle, the 3-dimensional visual 

tool demonstrated healthy volunteers and all patients with 
liver fibrosis could be separated (Figures 4,5). Notably 
the IVIM measures of the four patients without fibrosis 
resembled those of the healthy volunteers. Quantitative 
analysis with support vector machine (SVM) showed 
healthy volunteers and all patients with liver fibrosis  
(F1-4) were differentiated with a plane defined by 
(448.43*PF) +(0*Dslow) +(1*Dfast) −38.91=0.

The correlations of PF, Dfast and Dslow are graphically 
demonstrated in Figure 6. Figure 6A shows most of the PF 
measurements smaller than 1 were associated with Dfast 
smaller than 1, and vice versa. The lowest PF measurement 
was associated with the lowest Dfast measurement, and 
highest three PF measurements were associated with the 
highest three Dfast measurements. On the other hand, 
Figure 6B and C show the associations between Dslow vs. 
PF or between Dslow vs. Dfast were scattered. A number of 
Dslow measurements larger than 1 were associated with PF 

Table 1 Coefficient of variance (CoV, SD/mean) for PF, Dfast and Dslow in healthy volunteers of three measurement approaches 

IVIM parameters
first measurement when  

b=60 s/mm2

mean of two measurements when  
b=60 s/mm2

mean of two measurements when  
b=200 s/mm2

PF 0.141 0.138 0.283

Dfast 0.171 0.158 0.209

Dslow 0.092 0.087 0.094

Table 2 Mean, standard deviation (SD), of PF, Dslow, and Dfast of healthy volunteers (F0h), stage 1–2 liver fibrosis (F1-2) patients, and stage 3–4 
liver fibrosis (F3-4) patients

Threshold b values
PF Dfast ×10-3 mm2/s Dslow ×10-3 mm2/s

F0h F1-2 F3-4 F0h F1-2 F3-4 F0h F1-2 F3-4

Threshold b=60

Mean 0.0776 0.055 0.048 12.38 9.15 7.65 1.1089 1.018 1.008

SD 0.011 0.008 0.006 1.95 1.62 1.054 0.097 0.105 0.059

pts/vols ratio – 0.705 0.615 – 0.739 0.618 – 0.919 0.910

Threshold b=200

Mean 0.099 0.083 0.071 8.761 8.236 7.487 1.046 0.991 0.988

SD 0.028 0.019 0.014 1.827 1.733 1.922 0.099 0.107 0.059

pts/vols ratio – 0.838 0.717 – 0.940 0.855 – 0.947 0.945

pts/vols ratio: the mean measurement for patients divided by the mean measurement for healthy volunteers; the smaller the ratio, the 
bigger the difference between the measurements for patients and healthy volunteers’ value. Results here favor choosing threshold  
b=60 s/mm2. 
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or Dfast measurements smaller than 1. Pearson correlation 
coefficient r was 0.865 (P<0.001) for PF vs. Dfast, 0.288 
(P=0.28) for Dslow vs. PF, and 0.36 (P=0.17) for Dslow and 
Dfast (Figure 6D,E,F). 

Discussion

Currently there is no established non-invasive diagnostic method 
to detect and grade early stage liver fibrosis (24). 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 (25-30). As 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. In our earlier study with 16 healthy volunteers 
and 33 hepatitis-b liver fibrosis patients (among them 15 
cases were stage-1 liver fibrosis patients), we demonstrated 
that a combination of PF, Dslow and Dfast can be used to 
separate fibrotic livers completely from healthy livers with 

(15,16). Our this study, using a new set of healthy volunteers 
(n=26) and patients’ data (n=16), provides a confirmation of 
our previous report (15).

The value of IVIM parameters depend on the number 
and distribution of b-value series, as well as the threshold 
b-value when segmented fitting is applied (31-33). 
Moreover, it has been noted that the dependence of PF, 
Dslow, and Dfast on threshold b-value differs between 
healthy livers and fibrotic livers, with the healthy livers 
showing a higher degree of dependence (23). Since we 
used b=15 s/mm2, instead of b=0 s/mm2, as the first point 
for curve fitting, the PF and Dfast measurements were 
substantially lower than many other reports which included 
b=0 s/mm2 image (14). Owing to the first b-value for curve 
fitting was 15 s/mm2 instead of 10 s/mm2 as in our last study, 
the healthy volunteers’ PF, Dfast and Dslow values were 
even smaller for this study than our last study [when threshold 
b-value =60 s/mm2: PF =0.109±0.017, Dfast =19.15±3.67  
[×10-3 mm2/s, and Dslow =1.28±0.22(×10-3 mm2/s)] (23). 
To improve the data acquisition protocol of our previous 
study (15), in this study we used 12 instead of 10 b-values, 
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mainly we added two intermediate b-values of 30 and  
50 s/mm2. This might have increased the fitting stability as 
demonstrated by the smaller CoV for healthy volunteers’ 
IVIM measurements if we take the assumption that IVIM 
measurement variations among the healthy volunteers are 
more likely being due to measurement imprecision rather 
genuine physiological difference among the volunteers. For 
the first ROI-based measurement, the CoVs for healthy 
subjects in our current study were 0.14, 0.17, 0.09, for PF, 
Dfast, and Dslow respectively (threshold b=60 s/mm2), 
slightly better as compared with the CoVs for healthy 
subjects of 0.16, 0.19, 0.17 for b=60 s/mm2 in our previous 
study [computed from table 1 of reference (19), only one 
time ROI-based measurement] (15). We have also recently 
reported better scan-rescan repeatability and scan-rescan 
reproducibility for both PF and Dslow when b=50 or  
80 s/mm2 was used as the threshold compared with when 
b=200 s/mm2 was used as the threshold (19). The same 
as our last study (15), among the three IVIM parameters, 
PF also showed best diagnostic performance in this study. 
According to previous estimation, Dfast should be the most 

sensitive parameter for liver fibrosis evaluation (14,15,23); 
however, precise measurement of Dfast is difficult and this 
current study did not include sufficient very low b-values 
for precise Dfast quantification (33,34). More b-values and 
applying an optimized b-value distribution shall be able to 
reduce errors in IVIM parameter estimation.

One of the intriguing findings is that both our current 
study and our previous study (15), which both demonstrated 
IVIM diffusion imaging’s high performance for detecting 
early liver fibrosis, did not use image of b=0 s/mm2. As 
demonstrated in Figure S3, the signal difference between 
b=0 s/mm2 image and b=1 or 2 s/mm2 images can be 
dramatic, particularly the vessels show high signal without 
diffusion gradient while show dark signal when the diffusion 
gradient is on even at b=1 s/mm2. This is likely to cause 
fitting instability. When we included b=0 s/mm2 image for 
curve fitting, it led to large measurement variations among 
healthy subjects (large CoV), and patients’ measurements 
partially overlapped with the healthy subjects’ results, 
thus the data of these two groups could not be completely 
separated. By using b=15 s/mm2 image as the starting point 
for curve fitting, we reduced the measurement variations 
among healthy subjects (smaller CoV), and thereby allowed 
healthy volunteers patients results and fibrosis results to be 
separated. The combination of our these two studies may 
suggest the appropriateness to analyze IVIM data without 
b=0 s/mm2 image. Whether to densely sample very low 
b-values (such as many b-values below 10 s/mm2) will allow 
more precise fitting of very fast motion compartments 
require further studies (33). 

Another interesting observation of our study is that 
the IVIM measures of the three patients of chronic viral 
hepatitis-b without fibrosis and one patient with simple 
steatosis resembled those of the healthy volunteers. Though 
the number of these patients was very small, our results 
tentatively suggest that while pathological process of 
fibrosis can drive down the liver blood perfusion (as shown 
with decreased Dfast and PF), mere chronic viral hepatitis-b 
without fibrosis could have normal liver blood perfusion as 
well as diffusion. 

The segmented fitting analysis remains the most 
commonly used method for l iver IVIM diffusion 
analysis, and a b-value of 200 s/mm2 has been commonly 
selected as the threshold value as perfusion component’s 
influence on signal decay can be neglected for b-values  
≥200 s/mm2 (14). The optimal threshold b-value for liver 
IVIM analysis remain undecided. In our recent report it was 
empirically demonstrated that compared with the commonly 
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Figure 5 Three-dimensional display of healthy volunteer group 
(green dots), patients without liver fibrosis (yellow dots), liver 
fibrosis stage 1–2 patient group (pink dots), and liver fibrosis stage 
3–4 patient group (red dots). Each dot represents one participant. 
The volunteer group and liver fibrosis patient group can be 
separated by a defined plane. Note the distribution of patients 
without liver fibrosis resembles healthy volunteers.
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used threshold b-value of 200 s/mm2, a b-value of 60 s/mm2 
increases the mean distance between healthy liver datapoints 
cluster and fibrotic liver datapoints cluster (23). This study, 
using a new set of healthy volunteers and patients’ data, 
confirmed the superiority of using threshold b-value =60 s/mm2 
instead of threshold b-value =200 s/mm2 for detecting liver 
fibrosis. 

Conceptionally, PF and Dfast are closely correlated. 
Despite the potential measurement imperfection, our 
results indeed confirmed this point with a high Pearson 
correlation coefficient r of 0.865 (P<0.001). On the other 
hand, the preliminary results in this study showed, for 
early and intermediate stage liver fibrosis, the correlation 
between slow diffusion compartment (Dslow) and fast 

diffusion compartment (PF and Dfast) were not statistically 
significant. Though for the 12 patients 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 (15) (Table S2). 

This study demonstrated good ROI measure-remeasure 
reproducibility with the same reader, with ICC of 0.925 
for PF, 0.949 for Dfast, and 0.909 for Dslow respectively. 
However, Tables 1,2 show notable difference for a few 
individual’s measure-remeasure results. ICC can be 
deceivingly high when the range of the measurements is 
wide as it was the case for the IVIM parameters in this 
study. Diffusion imaging has several limitations, mostly 

Figure 6 Graphical demonstration of the correlation among PF, Dfast, and Dslow. The mean measures of PF, Dslow, and Dfast for the 16 
patients were re-scaled to be 1. 
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attributable to the EPI (echo planar imaging) based nature 
of the sequence. EPI diffusion images are commonly 
associated with low signal-to-noise ratio and is susceptible 
to a number of artifacts, including blurring, ghosting and 
distortions. Uniform fat suppression is also a challenge. 
Despite respiration gating, the liver has physiological 
motion during the whole respirational cycle; therefore 
motion (liver position displacement) is inevitable between 
images of different b-values (14). Thus it is generally 
perceived that ROI drawing is a subjective process, and 
intra-reader/inter-reader difference would be expected. 
Performing multiple measurements and taking the mean 
value may be one approach to partially overcome the 
subjectivity associated with the ROI placement. Approaches 
to develop reliable and reproducible automatic ROI 
drawing will be of high value. 

This study has some limitations. The patient number 
remains small. We started this study by initially scanning 10 
healthy volunteers, then before the closure of this study we 
tried to compensate the small patient number by recruiting 
16 more healthy volunteers. To our satisfaction, during the 
course of this study, the newly recruited healthy volunteers’ 
IVIM measurement all fell within the data cluster of the 
other existing healthy volunteers. While the combination of 
this study’s results and our previous results (15) can increase 
our confidence for detecting liver fibrosis by IVIM diffusion 
imaging, the results for the three patients of chronic viral 
hepatitis-b without fibrosis require further validations. 
Another limitation is that all our patients had liver fibrosis 
due to viral hepatitis-b. Whether results of our study can be 
generalized to liver fibrosis of other causes, such as NASH, 
remains to be validated. Prevalence of NAFLD is expected 
to rise given the high prevalence of obesity and type-2 
diabetes worldwide (35). It has been noted that liver fibrosis 
is the single most important factor that determines long-
term outcome in NAFLD patients (36). The detection of 
liver fibrosis in NAFLD is of high clinical importance. One 
more limitation of the study is that our volunteers were on 
average younger than the patients. Certainly, the b-value 
distribution in this study is not ideal, at this stage we would 
think that adding very low b-values such as 3, 5, 8 10 s/mm2 
etc would be valuable for better quantification of both Dfast 
and PF (33,34). With IVIM imaging protocol of more very 
low b-values and better image post-procession, diagnosis of 
early stage fibrotic liver is likely to have increased reliability. 
Other approaches for improved data post-processing may 
include motion correction, de-noising as well as better 

segmentation to statistically remove ill-fitted pixels prior 
to ROI analysis, and employ better fitting strategies (33). 
It is also likely that a multi-parametric approach will have 
even better accuracy for evaluating the spectrum of chronic 
liver disease (37-39). The use of Bayesian prediction, 
incorporating relevant findings from the available methods, 
is also a promising approach (40). The Bayesian prediction 
provides probabilities and allow weighting of the different 
methods, such as IVIM (14,15), liver T1/T2 relaxivity 
(38,41,42), T1rho (43-47) and elastography (28-30) 
readouts, therefore realizing multi-parameter diagnosis. 

In conclusion, this study confirmed our previous report 
that IVIM diffusion MR imaging can detect early stage 
liver fibrosis; and when the low b-value data sampled is 
insufficient, discarding the image of b=0 s/mm2 for bi-
exponential segmented fitting may improve fitting stability. 
For the b-value distribution used in this study, a threshold 
b-value of 60 s/mm2 is strongly preferred over a threshold 
b of 200 s/mm2. We acknowledge that the findings in this 
study require further validation. 
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Supplementary

Figure S1 Biopsy histology results of four patients without liver fibrosis. Patient-10 had hepatitis without fibrosis, patient-11 had mild 
steatosis, and patients-13 and -18 had hepatitis and minimal fibrosis. HE staining, original magnification: 100×. 
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Figure S2 Diffusion MRI images of three patients excluded for analysis. (A) Patient-04. (*) denote the space between the liver dome and 
posterior chest wall. Note the change of the size of this space among images of different b-values, for example comparing (a) and (g). The 
dotted circle shows the low-signal hepatic veins, note the change of the hepatic vein demonstrations among images of different b-values; (B) 
patient-06. Note the sudden displacement of (c) and (d), and the gallbladder is no longer visible on (d, e, f). The gallbladder is visible again 
on (g, h, j), however, the size of the visible gallbladder differs among (h, j). The gallbladder is minimally visible on (k), and displaced out of 
this scan plane in (l, m); (C) patient-09. Note the gallbladder (*) and the liver fissure (arrow). Diffusion images of b-values=50, 80, 200, and 
300 show apparent changes of liver position among these images.
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Table S1 Measured IVIM parameter values and image quality assessment of individual healthy volunteers with threshold b=60 or 200 s/mm2 
image

Study, 
subjects

1st measurement,  
b=60 s/mm2

2nd measurement,  
b=60 s/mm2

Mean of the 2 
measurements, b=60 s/mm2

Mean of the 2 measurements, 
b=200 s/mm2 Image, 

quality
No. of slices 
for analysis

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

V01 15.096 1.17 0.086 13.738 1.166 0.078 14.417 1.168 0.082 10.221 1.109 0.114 Good 5

V02 14.202 1.214 0.096 14.515 1.176 0.095 14.359 1.195 0.096 9.451 1.021 0.102 Fair 4

V03 10.267 0.997 0.068 10.106 1.012 0.065 10.187 1.005 0.067 6.945 0.946 0.091 Good 6

V04 11.919 1.13 0.07 11.024 1.128 0.071 11.472 1.129 0.071 8.933 1.09 0.092 Good 5

V05 11.646 1.044 0.068 11.147 1.037 0.065 11.397 1.041 0.067 7.61 0.978 0.095 Good 6

V06 12.334 1.296 0.077 12.401 1.293 0.078 12.368 1.295 0.078 7.026 1.209 0.066 Good 6

V07 10.977 1.058 0.069 11.131 1.061 0.074 11.054 1.06 0.072 7.394 0.974 0.118 Good 6

V08 10.662 1.057 0.09 10.346 1.065 0.089 10.504 1.061 0.09 7.032 0.934 0.156 Good 6

V09 13.628 1.224 0.079 13.371 1.217 0.087 13.499 1.221 0.083 10.042 1.171 0.11 Fair 6

V10 11.628 1.065 0.074 11.552 1.076 0.073 11.59 1.071 0.074 6.354 1.05 0.054 Fair 5

V11 14.959 0.893 0.087 12.661 0.899 0.082 13.81 0.896 0.085 10.837 0.845 0.108 Fair 5

V12 11.279 1.097 0.083 10.796 1.16 0.083 11.038 1.129 0.083 8.726 1.086 0.066 Good 6

V13 10.773 0.992 0.068 10.952 1.016 0.07 10.863 1.004 0.069 10.046 0.996 0.064 Good 6

V14 13.193 1.043 0.068 12.798 1.143 0.068 12.996 1.093 0.068 8.821 1.033 0.1 Good 6

V15 11.003 1.103 0.067 10.414 1.129 0.064 10.709 1.116 0.066 9.202 1.024 0.11 Good 6

V16 10.562 1.232 0.067 10.995 1.197 0.067 10.779 1.215 0.067 6.593 1.133 0.111 Good 6

V17 13.141 1.016 0.075 12.822 0.952 0.076 12.982 0.984 0.076 10.821 0.963 0.087 Fair 4

V18 19.11 0.997 0.1 17.169 0.958 0.1 18.14 0.978 0.1 11.285 0.888 0.147 Fair 5

V19 16.133 1.062 0.08 15.12 1.067 0.079 15.627 1.065 0.08 12.141 1.03 0.098 Good 6

V20 13.83 1.139 0.068 12.878 1.125 0.066 13.354 1.132 0.067 8.153 1.058 0.105 Good 6

V21 11.468 1.132 0.066 11.174 1.174 0.07 11.321 1.153 0.068 9.637 1.128 0.082 Good 6

V22 10.836 1.049 0.076 10.185 1.054 0.075 10.511 1.052 0.076 6.808 1.008 0.064 Good 6

V23 10.561 1.186 0.068 10.403 1.156 0.065 10.482 1.171 0.067 5.675 1.136 0.058 Good 6

V24 15.124 1.224 0.102 14.886 1.171 0.099 15.005 1.198 0.101 12.107 1.193 0.098 Fair 5

V25 11.442 1.096 0.089 11.058 1.09 0.09 11.25 1.093 0.09 7.237 0.958 0.16 Fair 6

V26 11.723 1.315 0.082 12.657 1.27 0.084 12.19 1.293 0.083 8.698 1.223 0.12 Good 6

Mean 12.596 1.109 0.078 – – – 12.381 1.108 0.078 8.761 1.046 0.099 – 5.6

SD 2.149 0.102 0.011 1.951 0.097 0.011 1.827 0.099 0.028

CoV 0.171 0.092 0.141 0.158 0.087 0.138 0.209 0.094 0.283



Table S2 Measured IVIM parameter values and image quality assessment of individual patients with threshold b=60 or 200 s/mm2 image. Note, for threshold  
b=60 s/mm2 measurement, patient-1 and patient-12 had similar PF and Dslow measurements, but different Dfast measurement; patient-12 and patient-15 had similar 
Dfast measurement, but different PF measurement. 

Study, 
subjects

Fibrosis

1st measurement,  
b=60 s/mm2

2nd measurement,  
b=60 s/mm2

Mean of the 2 measurements, 
b=60 s/mm2

Mean of the 2 measurements, 
b=200 s/mm2 Image, 

quality 
No. of slices 
for analysis

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

P10 F0 16.609 1.156 0.134 16.397 1.129 0.13 16.503 1.143 0.132 12.191 0.939 0.129 Fair 3

P11 F0 13.355 1.039 0.077 11.269 0.974 0.069 12.312 1.006 0.073 13.846 1.058 0.097 Fair 3

P13 F0 9.858 0.947 0.068 10.014 1.057 0.068 9.936 1.002 0.068 11.414 1.019 0.199 Fair 3

P18 F0 15.167 1.062 0.088 15.04 1.078 0.083 15.104 1.07 0.085 9.301 0.968 0.094 Good 6

Mean of above 
4 subjects

– – – – – – – 13.464 1.055 0.09 11.688 0.996 0.13 – –

SD – – – – – – – 2.927 0.066 0.029 1.887 0.053 0.049

P01 F2 12.071 1.098 0.061 10.662 1.07 0.052 11.366 1.084 0.056 8.874 1.063 0.068 Fair 3

P03 F1 6.445 1.133 0.039 6.358 1.166 0.04 6.401 1.15 0.039 5.307 1.11 0.062 Good 6

P08 F2 8.082 0.945 0.051 8.261 0.909 0.064 8.171 0.927 0.057 7.593 0.863 0.107 Fair 3

P12 F1 9.671 1.09 0.057 9.715 1.07 0.053 9.693 1.08 0.055 8.071 1.064 0.064 Good 6

P14 F1 10.952 0.98 0.056 9.471 0.973 0.054 10.212 0.976 0.055 7.368 0.928 0.082 Good 6

P15 F2 9.969 1.029 0.06 9.547 1.094 0.068 9.758 1.061 0.064 10.219 1.058 0.107 Good 6

P17 F1 8.102 0.804 0.059 8.792 0.892 0.062 8.447 0.848 0.06 10.217 0.854 0.093 Fair 5

Mean of above 
7 subjects

– – – – – – – 9.15 1.018 0.055 8.236 0.991 0.083 – –

SD – – – – – – 1.618 0.105 0.008 1.733 0.107 0.019

P02 F3 5.328 1.035 0.043 7.355 0.982 0.051 6.342 1.009 0.047 5.752 0.96 0.074 Good 6

P07 F4 8.611 1.091 0.042 8.182 1.012 0.047 8.397 1.051 0.045 6.55 1.021 0.062 Fair 5

P05 F3 6.561 0.921 0.053 6.814 0.987 0.059 6.687 0.954 0.056 10.404 0.986 0.095 Fair 5

P16 F3 8.398 1.066 0.053 8.205 1.097 0.05 8.302 1.082 0.052 8.449 1.063 0.063 Good 6

P19 F3 8.293 0.948 0.041 8.817 0.944 0.042 8.555 0.946 0.041 6.282 0.908 0.063 Good 6

Mean of above 
5 subjects

– – – – – – – 7.657 1.008 0.048 7.487 0.988 0.071 – 4.9

SD – – – – – – – 1.054 0.059 0.006 1.922 0.059 0.014



Figure S3 IVIM diffusion images with b-value =0, 1, 2, 15 s/mm2. The signal difference between b=0 s/mm2 image and b=1 or 2 s/mm2 

images are dramatic, particularly the vessels show high signal without diffusion gradient while showing dark signal when the diffusion 
gradient is on even at b=1 s/mm2. 
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