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Original Article

Bi-exponential fitting excluding b=0 data improves the  
scan-rescan stability of liver IVIM parameter measures and 
particularly so for the perfusion fraction
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Background: A prerequisite to translating intravoxel incoherent motion (IVIM) imaging into meaningful 
clinical applications is sufficient scan-rescan reproducibility. This study aims to confirm the hypothesis that 
IVIM data fitting by not using b=0 images will improve the stability of liver IVIM measurement. 
Methods: Healthy volunteers’ liver IVIM images were prospectively acquired using a 1.5-T magnet or a 
3.0 T with 16 b-values. Repeatability study subjects were scanned twice during the same session, resulted 
in 35 paired scans for 35 subjects (11 men, mean age: 41.82 years, range: 32–60 years; 24 women, mean 
age: 42.67 years, range: 20–71 years). IVIM analysis was performed with full-fitting and segmented-fitting 
with a threshold b-value of 60 s/mm2, and fitting started from b=0 s/mm2 or from b=2 s/mm2. Reproducibility 
study subjects were scanned and then rescanned with an interval of 5–18 days, resulted in 20 paired scans for  
11 subjects (4 men, mean age: 26.25 years, range: 25–27 years; 7 women, mean age: 25.57 years, range:  
24–27 years). IVIM analysis was performed with segmented-fitting with a threshold b-value of 50 s/mm2, and 
fitting started from b=0 s/mm2 or from b=3 s/mm2.
Results: Fitting without b=0 data generally improved the repeatability and reproducibility for both PF 
and Dslow, and particularly so for PF. For with b=0 data segmented fitting repeatability, PF had within-
subject standard deviation of 0.019, bland-Atman 75% agreement limit of −31.52% to 28.35%, and ICC of 
0.647, while these values were 0.009, −20.78% to 16.86%, and 0.837 for without b=0 analysis. Though the 
repeatability and reproducibility for Dfast generally also improved, they remained suboptimal. Measurement 
stability was better for repeatability than for reproducibility.
Conclusions: Scan-rescan repeatability and reproducibility of liver IVIM parameters can be improved by 
fitting without b=0 data, which is particularly so for PF. 
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Introduction

In intravoxel incoherent motion (IVIM) theory, Dslow (or 
D) is the diffusion coefficient representing the slow ‘pure’ 
molecular diffusion; perfusion fraction (PF, or f) represents 
the fraction of the compartment related to (micro)circulation; 
Dfast (or D*) is the perfusion-related diffusion coefficient 
representing the incoherent microcirculation within the 
voxel, which holds information for blood perfusion’s 
speed (1). There have been greater interests to explore 
IVIM imaging to evaluate diffused liver diseases (2-4).  
A prerequisite to translating IVIM imaging into clinical 
applications is accurate measurement of IVIM parameters 
and acceptable reproducibility. Nevertheless, accurate liver 
IVIM quantification is challenging, partially due to the 
limited sampling and low signal-to-noise ratio (SNR) for fast 
diffusion data acquisition (1,3,5,6). 

Recently, we published three studies demonstrating the 
clinical usefulness of liver IVIM in separating non-fibrotic 
livers and fibrotic livers. The report of Wáng et al. had 16 
healthy volunteers and 33 hepatitis B liver fibrosis patients, 
among them 15 patients had stage-1 liver fibrosis (7); the 
report of Huang et al. had 26 healthy volunteers and 12 
hepatitis B liver fibrosis patients, among them 4 patients 
had stage-1 liver fibrosis (8); the report of Li et al. had 20 
healthy volunteers and 28 hepatitis B liver fibrosis patients, 
among them 11 patients had stage-1 liver fibrosis (9). All 
fibrotic livers and healthy livers in these three studies can be 
separated by IVIM analysis except one stage-2 fibrosis case in 
the study of Li et al. Interestingly, the study of Huang et al.  
and the study of Li et al. both had 4 patients respectively 
with biopsy showing no fibrosis, and these 8 subjects’ 
diffusing magnetic resonance imaging (MRI) measurements 
resembled healthy volunteers (8,9). To achieve these good 
results, we have taken four measures to improve IVIM data 
analysis. The first step was to perform an initial image data 
quality assessment, with images with severe respiratory 
motion and artifacts discarded (10). In our reports on human 
data, this led to approximately 15% of the liver diffusion 
MRI scans being considered not useful for IVIM analysis  
(8-11). The second step was that b=0 image data was 
excluded from bi-exponential liver diffusion image curve 
fitting (7-9,11-14). The third step was, if a segmented fitting 

is applied, the threshold b-value of 60 s/mm2 was chosen 
(8,9,11,15). Finally, the signal was measured on the right 
liver with ROI (region-of-interest) based approach, as the 
left liver is more susceptible to artifact due to content in the 
stomach and cardiac motion. The ROI-based analysis offers 
better estimation than the pixelwise-fitting method when 
the SNR is low (16).

There is strong evidence that the relationship between 
liver diffusion weighted imaging (DWI) signal and b-value 
does not follow bi-exponential decay; instead, it can be better 
fitted by an addition of a very fast component with a tri-
exponential decay model (14,17,18). However, with clinical 
scan settings, the fitting of a tri-exponential decay model can 
be quite unstable at individual study subject’s levels (17,18). 
We have empirically demonstrated that liver IVIM analysis 
can be approximated by the bi-exponential liver diffusion 
image curve fitting starting from a low b-value [such as b-value 
=10 s/mm2 (7), b-value =15 s/mm2 (8), b-value =2 s/mm2 
(9,11)]. With fitting starting from a non-zero low b-value, 
the relationship between DWI signal and b-value better 
follow a bi-exponential decay (12,14). IVIM parameter 
estimated excluding b=0 s/mm2 image improves the 
separating of non-fibrotic livers and fibrotic livers, which, 
in our empirical experience, was the most decisive factor to 
achieve good diagnostic power for separating non-fibrotic 
livers and fibrotic livers (Figure 1). Due to the fact that a bi-
exponential model cannot fit a decay which more resembles 
a tri-exponential pattern and thus would increase the fitting 
instability (18), we postulate that IVIM data fitting by 
excluding b=0 image data improves the reproducibility of 
liver IVIM measurement. Utilizing the healthy volunteers’ 
liver IVIM data, this study aims to confirm this hypothesis. 

Methods

For evaluating scan-rescan repeatability, a subject was 
scanned twice during the same session without any change 
of anatomical positioning (Figure 2A). MRI data of healthy 
participants were acquired in Shenzhen, China, from Apr 
21 to Nov 17, 2019. To control the increase of blood flow to 
the liver due to food intake, participants were asked to fast 
for 6 hours before imaging. Study subjects were scanned 

Submitted Feb 08, 2022. Accepted for publication Mar 11, 2022.

doi: 10.21037/qims-2022-02

View this article at: https://dx.doi.org/10.21037/qims-2022-02



Zheng et al. Excluding b=0 improves liver IVIM measure stability3290

© Quantitative Imaging in Medicine and Surgery. All rights reserved.   Quant Imaging Med Surg 2022;12(6):3288-3299 | https://dx.doi.org/10.21037/qims-2022-02

0.50

0.45

0.40

0.35

0.30

0.25

0.20

0.15

0.10

0.05

0.00

P
F

VolunteersPatients VolunteersPatients

n=20n=28 n=20n=28

b=0 included b=0 excluded

100
90
80
70
60
50
40
30
20
10
0

0   10  20  30  40  50  60  70  80  90 100
100–Specificity, %

100
90
80
70
60
50
40
30
20
10
0

S
en

si
tiv

ity
, %

A B C

D

Figure 1 PF of 28 viral hepatitis-b induced liver fibrosis patients and 20 healthy volunteers. Images were acquired at 3T with 16 b-values of 0, 
2, 5, 10, 15, 20, 25, 30, 40, 60, 80, 100, 150, 200, 400, and 600 s/mm2, and analyzed by segmented fitting with threshold b-value of 60 s/mm2. 
(A) PF values fitted with b=0 data. (B) PF values fitted without b=0 data. PF fitted without b=0 data substantially improves the separation 
between healthy volunteers and patients (dotted line suggests possible separation). AUROC increased from 0.74 (C for with b=0 data fitting) 
to 0.97 (D for without b=0 data fitting). Bar: mean value. The data are from reference 9 (available in the supplementary tables, re-used with 
permission). PF, perfusion fraction; AUROC, area under the receiver operating characteristic.
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(16 b-values)

Without b=0 analysis 
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Figure 2 An illustration of study subject number and scan sessions for repeatability and reproducibility studies. 

using a 1.5-T magnet (Achieva, Philips Healthcare, Best, 
The Netherlands). Diffusion images with 16 b-values of 0, 2, 
4, 7, 10, 15, 20, 30, 46, 60, 72, 100, 150, 200, 400, 600 s/mm2  
were acquired. The TR was 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 =7. The included slices were 
focused on the central part of the liver.
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For evaluating scan-rescan reproducibility, each subject 
was scanned twice in the first scan session with the second 
scan performed after an interval of 5–18 days (mean: 12 days) 
and also scanned twice (Figure 2B). MRI data of healthy 
participants were acquired in Nanjing, China, from Apr 14 to 
May 7, 2017. A 3T magnet and a 32 channels dStream Torso 
coil (Ingenia, Philips Healthcare, Best, The Netherlands) was 
used. Diffusion images with 16 b-values of 0, 3, 10, 25, 30, 40, 
45, 50, 80, 200, 300, 400, 500, 600, 700 and 800 s/mm2 were 
acquired. NEX was 2 for b=700 s/mm2 and b=800 s/mm2, 
and NSA =1 for other b-values. Other parameters included 
TR =2,149 ms, TE =55 ms, slice thickness =6 mm, matrix 
=100×116, FOV =360×300 mm, EPI factor =29, sensitivity-
encoding (SENSE) factor =4, number-of-slices =26. 

In both studies, the diffusion scan was based on a 
single-shot spin-echo type echo-planar sequence. Spectral 
Pre-saturation with Inversion-Recovery technique was 
used for fat suppression. The data of repeatability study 
was acquired later than the reproducibility study, and the 
b-value distribution for repeatability study is considered 
to be more ‘optimized’ where the highest b-value was 600 
s/mm2 and b-value around 60 s/mm2 was more densely 
sampled, and 6 hours’ pre-scan fasting was adopted (11). 
Respiratory-gating was applied in all scans. For both 
1.5T study and 3.0T study, the IVIM data acquisition 
time was around 5–6 min for one scan depending on the 
respiration cycle of the subjects. The study was conducted 
in accordance with the Declaration of Helsinki (as revised 
in 2013). The MRI data acquisition was approved by the 
local institutional ethics committees in Shenzhen and 
Nanjing, and informed consent was obtained from all 
subjects. 

All data analysis was implemented in MATLAB 
(MathWorks, Natick, MA, USA). The IVIM analysis 
for Dslow, PF, and Dfast followed our previous descriptions 
(8,9,11). In brief, after MRI data acquisition, we performed 
a data quality assessment prior to IVIM analysis. Images 
with notable motion and artifacts were discarded. To avoid 
potential bias, once a dataset was included for including b=0 
data analysis, this dataset would not be excluded for without 
b=0 data analysis which is the last step. ROIs were placed on 
b=0 s/mm2 image (for including b=0 data fitting) or on b=2 
(or 3) s/mm2 image (for excluding b=0 data fitting) to cover 
a large portion of right liver parenchyma while avoiding 
large vessels and then copied to the images of other b-values 
of this slice. For ROI analysis, the IVIM parameters were 
calculated based on the mean signal intensity of the whole 
ROI. The mean of all included slice measurements was then 

regarded as the value of the examination, with the last step 
weighted by the ROI area of each slice. For repeatability 
analysis, the signal attenuation was modeled according to 
Eq. [1] or Eq. [2].

( ) ( ) ( ) ( ) ( )slow fast0SI SI 1 PF exp D PF exp Db b b= × − × − × + × − ×   	 [1]

( ) ( ) ( ) ( )( ) ( )( )slow fast2SI SI 1 PF exp 2 D PF exp 2 Db b b = × − × − − × + × − − ×  	 [2]

where SI(b) and SI(2) denote the signal-intensity acquired 
with the b-factor value of b and b=2 s/mm2, respectively. 
Both full fitting and segmented fitting were performed (18). 
For segmented fitting, the threshold b-value to separate the 
fast component and slow component was 60 s/mm2 (11,15). 
After imaging data considered of insufficient quality were 
discarded, data of 35 subjects and 35 paired scans (11 males, 
mean age: 41.82 years, range: 32–60 years; 24 females, mean 
age: 42.67 years, range: 20–71 years) were available for 
repeatability analysis (Figure 2A).

For reproducibility analysis, the signal attenuation was 
modeled according to Eq. [1] or Eq. [3].

( ) ( ) ( ) ( )( ) ( )( )slow fast3SI SI 1 PF exp 3 D PF exp 3 Db b b = × − × − − × + × − − ×  	 [3]

where SI(b) and SI(3) denote the signal-intensity acquired 
with the b-factor value of b and b=3 s/mm2, respectively. 
Only segmented fitting was conducted, with the threshold 
b-value of 50 s/mm2 chosen. With full fitting, preliminary 
test ing showed general  f i t t ing instabi l i ty for the 
reproducibility data, which concur with previous reports 
and thus full fitting was not included for reproducibility 
data (18,19). Data of 11 subjects with 20 paired scans  
(4 males, mean age: 26.25 years, range: 25–27 years; 
7 females, mean age: 25.57 years, range: 24–27 years) 
were available for reproducibility analysis (Figure 2B).  
Repeatability and reproducibility (i.e., stability) of PF, 
Dslow and Dfast were assessed by the within-subject standard 
deviation (wSD), Bland-Altman mean difference and 95% 
limits of agreements (BA-LA), and intraclass correlation 
coefficient (ICC). wSD is defined by Eq. [4]:

( )2
1 2Σ x -x

Within subject SD=
2n

− 	 [4]

With n being the number of subjects (=35 or 20 in 
this study) and x1 and x2 are the duplicate parameter 
measurements for each subject. Statistical analysis was 
performed using GraphPad Prism Software (GraphPad 
Software Inc., San Diego, CA, USA).
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Results

Bi-exponential decay fitting starting from a non-zero low 
b-value generally offered better fittings (Figure 3). The scan-
rescan measures for repeatability are graphically shown in 
Figure 4 and Figure 5, and measures for reproducibility are 
graphically shown in Figure 6 and Figure 7. Graphical data 
suggest the most apparent improvement for without b=0 
data analysis is seen with the stability of PF measure. 

Repeatability and reproducibility quantitative results 
are shown in Table 1. Table 1 shows fitting without b=0 data 
generally improved the repeatability and reproducibility 
for all PF, Dslow, and Dfast. For the segmented fitting 
repeatability, by removing b=0 from analysis, ICC of PF 
improved from 0.647 to 0.837, wSD of Dslow improved from 
0.054 to 0.047, and ICC of Dfast improved from 0.466 to 
0.512. For reproducibility, by removing b=0 from analysis, 
ICC of PF improved from 0.671 to 0.738 and BA 95% limit 
for Dfast improved from −109.7% to 112.1% to −76.16% 
to 69.56%. Quantitative stability measures were better for 
repeatability than reproducibility (such as an ICC of 0.837 
vs. 0.738). For repeatability, quantitative stability measures 
were marginally better for segmented fitting than for full 
fitting (such as an ICC of 0.837 vs. 0.789). It appears that 
the most notable improvement of stability by excluding 
b=0 data was seen with segmented fitting for repeatability. 
Though repeatability and reproducibility for Dfast generally 
improved by fitting without b=0, they remained suboptimal 
(Table 1).

Discussion

Accurate liver IVIM quantification is known to be 
challenging (6,20). The current study tested the hypothesis 
that IVIM data fitting by excluding b=0 data improves the 
stability of liver IVIM measurement. As expected, except 
Dslow, this study shows PF values computed without b=0 
data were modestly smaller than the values computed with 
b=0 data; Dfast values computed without b=0 data were 
substantially smaller than the values computed with b=0 
data. As can be seen from Eq. [4], wSD intrinsically favors 
measurements with a smaller value. On the other hand, ICC 
favors measurements with a larger ‘dynamic range’. Dslow 
has a very small ‘dynamic range’ and tends to only fluctuate 
around 1.0 for healthy subjects. Thus, despite good 
reproducibility, the Dslow reproducibility ICCs for measures 
with b=0 data and without b=0 data were both <0.4. 
Therefore, the quantitative performances for repeatability 
or reproducibility as shown in Table 1 should be considered 
comprehensively (rather than individually). 

In this study, using two data sets acquired at two magnet 
field strengths and at two sites, and with slightly different 
b-value distributions, we confirmed that excluding b=0 
image data improves scan-rescan stability of liver IVIM 
estimations, despite there was one data point fewer for 
without b=0 data fitting than for including b=0 data fitting 
(i.e., 15 datapoints for without b=0 data fitting and 16 
datapoints for including b=0 data fitting). The improvement 
seemed more apparent with PF and when the b-value 
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distribution is more ‘optimized’ (i.e., that of repeatability 
study). In liver IVIM studies, it has been repeatedly 
demonstrated that PF is the most important parameter 
(3,21-23). Dslow suffers from a small dynamic range, and 
Dfast suffers from poor stability (6,24). While it has been 
well demonstrated that liver fibrosis is associated with 
progressive reduction of all three IVIM parameters, most 
reports by other authors did not show reliable detection 
of early-stage liver fibrosis (6). It is expected that this 
improved measure reproducibility by excluding b=0 data 
had contributed to our good results that, in three medium-
sized studies, IVIM analysis almost completely separated 
all non-fibrotic livers and fibrotic livers (including those of 
mild stage fibrosis) (7-9). In our earlier analysis, we showed 
that, analysis without b=0 data offered a smaller CoV 
(coefficient-of-variation) for IVIM parameters in a cohort 
of healthy volunteers, and also a bigger difference between 
patients’ measure and volunteers’ measure (9). It is noted 
that, in addition to us, other authors have also adopted 
IVIM fitting without b=0 data, such as the recent work of 
Koopman et al. on head and neck imaging (25). Gambarota 
et al. (26) proposed to remove vessel pixels firstly, and then 

perform diffusion analysis assuming the remaining liver 
parenchyma without vessel pixels following a bi-exponential 
model. However, due to the existence of sub-pixel small 
vessels, even after vessel pixels are removed from the 
analysis, the remaining liver parenchyma will still follow a 
tri-exponential decay pattern (14). 

Another point of note is that full fitting is generally 
considered to be unstable and not commonly used in liver 
studies (18,19). However, in this study with our ‘optimised’ 
b-value selection and image analysis, the full fitting 
repeatability was only marginally inferior to segmented 
fitting repeatability (Table 1). On the other hand, while 
fitting without b=0 data appeared to have improved measure 
stability for Dfast, the final results remain suboptimal in 
this study, with relatively large wSD, large BA difference, 
large BA 95% agreement limit, and ICC equaled 0.512 
for repeatability study, was <0.4 for reproducibility study. 
According to Fleiss (27), an ICC value of <0.4 represents 
poor agreement, a value >0.75 represents good agreement 
and a value between 0.4 and 0.75 represents fair to 
moderate agreement. However, it is also possible that, Dfast 
measures fitted without b=0 data reduced dynamic range, 
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Figure 5 Bland-Altman plots of scan-rescan repeatability. Left panel: segmented fitting, right panel: full fitting. PF-b0: perfusion fraction 
measures with b=0 data included. PF-b0N: perfusion fraction measures with b=0 data excluded. PF, perfusion fraction.
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Figure 6 Graphical presentation of scan-rescan reproducibility measure of PF, Dslow, and Dfast. 1: first scan; 2: second scan. Unit of Dslow and 
Dfast: ×103 mm2/s. PF, perfusion fraction.

thus potentially can avoid artificial ‘large fluctuations’ (6,24). 
On DWI, blood vessels show a high signal when there is 

no diffusion gradient (b=0 s/mm2) and a low signal even when 
very low b-values (e.g., 1 s/mm2) are applied. Therefore, the 
signal difference between images when the diffusion gradient 
is off and images when the diffusion gradient is on reflects 
the extent of tissue vessel density (referred to as diffusion-

derived vessel density, DDVD) (11-13). It has been shown 
that DDVD is a useful biomarker for the separation of livers 
with and without fibrosis, with liver fibrosis associated 
with a lower DDVD (13,28). According to the original 
definition, PF which can reflect total hepatic perfusion 
volume, is estimated to be around 18% (6,29,30). As noted 
earlier, liver perfusion and diffusion are better measured 
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Figure 7 Bland-Altman plots of scan-rescan reproducibility. PF-b0: perfusion fraction measures with b=0 data included. PF-b0N: perfusion 
fraction measures with b=0 data excluded. PF, perfusion fraction.

by DWI with a tri-exponential decay model, where 
perfusion related diffusion is mathematically (though not 
anatomically) divided into a very fast compartment and 
a fast compartment (17,18). The very fast compartment 
represents the initial very fast signal drop from b=0 to very 
low b-values, and it is highly unstable during IVIM modeling 
(17,18). In the recent study of Riexinger et al. (31), 24 
b-values were applied: 0.2, 0.4, 0.7, 0.8, 1.1, 1.7, 3, 3.8, 4.1, 
4.3, 4.4, 4.5, 4.9, 10, 15, 20, 30, 50, 60, 90, 95, 150, 180 and  
500 s/mm2. However, this approach of applying multiple 
very low b-values to measure the very fast compartment is 
only feasible in dedicated research scanners. In our study 
when b=0 data was not used in the IVIM analysis, the very 
fast compartment is not fully captioned; thus the PF values 
derived from without b=0 analysis were lower than the 
physiological value of 18%. Our approach constitutes a 
removal or a partial removal of the highly instable very fast 
compartment from the perfusion related diffusion IVIM 
calculation. We can argue that the DWI signal difference 
between b=0 and b=2 (or b=3), which are measured by 

DDVD in our studies (13,28), partially reflects the very 
fast compartment. On the other hand, as shown in our 
earlier studies, it appears that measuring the fast component 
only (while without measuring the vary fast component) 
may be sufficient to differentiate fibrotic livers from non-
fibrotic livers in most of the cases (7-9). It is very difficult 
to precisely measure the very last compartment by IVIM 
modeling using routine clinical MRI scanners (3). A highly 
instable very fast compartment’s contribution to the IVIM 
parameters derived from with b=0 analysis may compromise 
the utility of liver IVIM imaging in clinical practice. 

There are a number of limitations for this study. The 
stability for Dfast remains suboptimal in this study. This is 
a well-known limitation of IVIM analysis, and thus even 
denser sampling of very low b-value may be required 
for stable Dfast fitting (18). Secondly, this study adopted 
conventional IVIM segmented fitting and full fitting, it 
is possible in some cases better results can be obtained by 
Bayesian analysis (32-35). Thirdly, for the reproducibility 
study, we didn’t ask volunteers to fast before the MRI 
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Table 1 Scan-rescan measure stability (repeatability and reproducibility) of three IVIM parameters

Fittings Agreements
PF Dslow Dfast

b=0 No b=0 b=0 No b=0 b=0 No b=0

Seg# 

(n=35)
wSD 0.019 0.009§ 0.054 0.047§ 38.49 10.64§

BA % difference −1.588 −1.960 −0.974 −0.196§ 4.698 −1.281§

BA 95% limit −31.52 to 28.35 −20.78 to 16.86§ −15.15 to 13.20 −12.76 to 12.37§ −66.98 to 76.37 −51.47 to 48.91§

ICC 0.647 0.837§ 0.635 0.718§ 0.466 0.512§

Full# 

(n=35)
wSD 0.019 0.011§ 0.049 0.048 50.51 13.03§

BA % difference −2.275 −4.135 −0.444 −0.011§ 7.487 0.848§

BA 95% limit −32.74 to 28.19 −28.02 to 19.75§ −12.84 to 11.95 −12.62 to 12.60 −72.98 to 87.96 −61.12 to 62.82§

ICC 0.662 0.789§ 0.726 0.692 0.354 0.479§

Seg¶ 

(n=20)
wSD 0.022 0.017§ 0.065 0.066 32.39 8.80§

BA % difference 0.074 −1.227 0.982 1.072 1.236 −3.301

BA 95% limit −36.82 to 36.97 −44.58 to 42.12 −16.36 to 18.32 −16.70 to 18.85 −109.7 to 112.1 −76.16 to 69.56§

ICC 0.671 0.738§ <0.4## <0.4## <0.4 <0.4

For wSD, BA % difference, and BA 95% limit, a smaller value indicates a better scan-rescan stability. For ICC, a larger value indicates 
a better scan-rescan stability. §, indicates better scan-rescan stability by excluding b=0 from analysis. Note, wSD intrinsically favors 
measurements with a smaller value. ICC favors measurements with a larger ‘dynamic range’. The quantitative performances for 
repeatability or reproducibility as shown in this table should be considered comprehensively (rather than individually). b=0: b=0 data is 
included for biexponential fitting; No b=0: b=0 data is not included for biexponential fitting; #, repeatability measures; ¶, reproducibility 
measures; ##, note the dynamic range of Dslow is very small. IVIM, intravoxel incoherent motion; n, number of scan pairs used for 
repeatability or reproducibility analysis; Seg, segmented fitting; Full, full fitting; wSD, within-subject standard deviation; BA, Bland and 
Altman; ICC, intraclass correlation coefficient.

examination (36). Fourthly, before computing the IVIM 
results, we had a process to remove subjects or slices of 
insufficient data quality. Till now this remained subjective 
decision for which image data to include and which image 
data to exclude, and we are currently working to decrease 
the ratio for unused data, including taking measures of 
Bayesian analysis, de-noising, and better image registration. 
After these steps, we plan to develop objective criteria to 
determine which image data can be used and which image 
data should be rejected. However, the current subjectivity 
would not affect the main conclusion drawn in this study, as 
this study is on the comparisons of healthy subjects’ results 
with b=0 calculation vs. results without b=0 calculation. 
Once one image datum was included for including b=0 data 
analysis, this image datum would not be excluded for without 
b=0 data analysis. It has been noted that magnetic field 
difference will have some implications for IVM results. It has 
been noted that 1.5T scanners’ results have higher Dslow and 

lower PF, while 3.0T scanners’ results have lower Dslow and 
higher PF (6,31). This study did not aim to directly compare 
the scan-rescan stability of a 1.5 scanner vs. a 3T scanner.

In conclusion, we demonstrated the proof-of-principle 
that the scan-rescan repeatability and reproducibility of 
IVIM parameters can be improved by bi-exponential fitting 
without b=0 data, which is particularly so for the most 
important IVIM parameter of PF. This approach constitutes 
a removal of the highly instable very fast compartment 
from the perfusion related diffusion IVIM calculation. We 
suggest that this improved measure stability may contribute 
to a better diagnostic performance of IVIM parameters for 
liver pathologies. 
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