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Abstract

BACKGROUND

Diffusion-weighted imaging have been developed to stage liver fibrosis. However, the
diagnostic performance of different diffusion models varies in different study. The
diagnostic value of different diffusion models for liver fibrosis in one cohort is worth

studying.

AIM
This study aimed to evaluate the clinical potential of 6 diffusion-weighted models in

liver fibrosis staging and compare their diagnostic performances.

METHODS

This prospective study enrolled 59 patients suspected of liver disease and scheduled for
liver biopsy and 17 healthy participants. All participants underwent multi-b value
diffusion weighted imaging (DWI). The main DWI-derived parameters included Mono-
apparent diffusion coefficient (ADC) from mono-exponential DWI, true-diffusion

coefficient (IVIM-D) from Intravoxel Incoherent motion (IVIM), mean diffusion (DKI-




MD) from diffusion kurtosis imaging (DKI), distributed diffusion coefficient (SEM-
DDC) from stretched exponential model (SEM), diffusion coefficient (FROC-D) and
microstructural quantity (FROC-p) from fractional order calculus model (FROC),
anomalous diffusion coefficient (CTRW-D) and temporal diffusion (CTRW-a) from
continuous-time random-walk model (CTRW). The correlations between DWI-derived
parameters and fibrosis stages and the parameters’ diagnostic efficacy in detecting

significant fibrosis (SF) were assessed and compared.

RESULTS

CTRW-D (r = -0.356), CTRW-a (r = -0.297), DKI-MD (r = -0.297), FROC-D (r = -0.350),
FROC-p (r =-0.321), IVIM-D (r = -0.251), Mono-ADC (r = -0.362), and SEM-DDC (r = -
0.263) were significantly correlated with fibrosis stages. The AUCs of the combined
index of the 6 models for distinguishing SF (0.697-0.747) were higher than each of the
parameters alone (0.524-0.719). The DWI models” ability to detect SF was similarly. The
combined index of CTRW parameters had the highest AUC (0.747).

CONCLUSION
The DWI models were similarly valuable in distinguishing SF in patients with liver

disease. The combined index of CTRW parameters had the highest AUC.
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Core Tip: There are 6 diffusion-weighted models which can be used in liver fibrosis

staging and provide quantitative information. The current assessed diffusion-weighted




models were suitable for liver fibrosis staging. Similar diagnostic performance for

distinguishing SF was noted in all diffusion-weighted models.

INTRODUCTION

Liver fibrosis is defined as an excess deposition of extracellular matrix comp%ents,
such as collagens, glycoproteins, and proteoglycans, in the liver. Liver fibrosis, a public
health problem, is closely associated with various prevalent causes of chronic liver
damage. This response to liver damage is a dynamic process and potentially reversible
[, If untreated promptly, liver fibrosis is likely to progress into cirrhosis, which could
lead to liver failure and hepatocellular carcinoma [2l. Therefore, early di&nosis and
accurate staging of liver fibrosis are very important in clinical practice > 4. Liver biopsy
is the gold standard for liver fibrosis assessment in clinical practice. However, this is an
invasive method, with potential sampling errors, risk of complications, and low patient
compliance, all limiting its clinical application [> ¢l Therefore, non-invasive methods
have been evaluated for diagnosing and staging liver fibrosis and have become the
focus of clinical research.

Diffusion-weighted imaging (DWI) represents the most widely used functional
magnetic resonance imaging (MRI) sequence. DWI has been applied to liver fibrosis
detection and can provide quantitative information in fibrosis staging Ul. Several
encouraging sadies showed that DWI was a promising sequence for liver fibrosis
staging [-11. However, conventional DWI evaluates the diffusion characteristics
assuming a Gaussjan diffusion distribution through a mono-exponential model that
shows limitations in liver tissue assessment. Therefore, advanced DWI models were
proposed to provide more accurate information about the tissue in vivo.

Intravoxel incoherent motion is a bi-exponential DWI model that can provide diffusion
and perfusion information. It has been used in liver fibrosis staging and was shown to
accurately reflect changes in the tissue microstructure [*1%, Diffusion kurtosis imaging
(DKI) and stretched exponential model (SEM) are based on a non-Gaussian diffusion

distribution. They can provide additional information and represent a valuable tool for




liver fibrosis characterization ['213]. The fractional order calculus (FROC) is a novel non-
Gaussian model, showing potentiaéin liver fibrosis staging [14. The continuous-time
random-walk (CTRW) model is an extension of the FROC model based on the
continuous-time random-walk theory. To date, no studies have used CTRW for liver
fibrosis staging. Several studies reported on a comparative evaluation of multiple
diffusion models for liver fibrosis assessment, but these compared 2-3 models at most.
To our knowledge, no study compared all DWI models in the same group of
participants.

This study aimed to investigate the value of the newest diffusion models in staging liver

fibrosis and compare their performances in distinguishing significant fibrosis (SF).

MATERIALS AND METHODS

Study design and patients
The ethics committee of Lanzhou University Second Hospital approved this prospective
study (2021A-423), and all participants provided written informed consent.

This study enrolled patients with chronic liver diseases and healthy adult
volunteers without serious health problems from July 2021 to June 2022. The inclusion
criterion for the patients was adults with a chronic liver disease scheduled to undergo a
liver biopsy. The inclusion criterion for the healthy volunteers was adults without
serious hepatic problems. The exclusion criteria included contraindications to MRI
(claustrophobia, metal implants, or pacemakers), unfinishing all MRI sequences, or
unfinishing liver biopsy. Figure 1 summarizes the participant recruitment process. The
liver biopsy and MRI examination were performed within a one-week interval.

MRI examination and image analysis

MRI examination was performed on a 1.5T MR scanner (MAGNETOM Aera, Siemens
Healthineers) using a combination of 18-channel body and 32-channel spine matrix coil
elements. Multi-b value DWI was performed based on a breath-free single-shot spin-
echo echo planar imaging sequence with the following parameters: repetition time (TR),

6800 ms; time to echo (TE), 58 ms; field of view (FOV), 300380 mm; matrix, 108x134;




section thickness, 6 mm; b values; 0, 50, 100, 150, 200, 400, 600, 800, 1000, 1200, 1500, and
2000 s/ mm?2; total scan time, 16 min and 48 s.
The parametric results of the various DWI models were calculated using an in-house
software prototype developed by MR Station (Chengdu Zhongying Medical
Technology Co., Ltd.) as follows:
Mono-exponential DWI: The parametric map was calculated using the following
fitting formula:
Sp = So X exp(-bxADC)
Where Sp and S, are the signal intensity when b values of 0 s/mm2 and others are
applied, respectively, and ADC is the apparent diffusion coefficient. In this study, we
indicated mono-exponential DWI related parameters as: indicated as Mono-ADC.
IVIM: The parametric map was calculated using the following fitting formula:
Sb = So[(1-f) xexp(-bxD) + fxexp(-bxD")]
Where Sp and S, have the same meanings as above, f is the perfusion fraction, D" is the
pseudo-diffusion coefficient, and D is the true diffusion coefficient. In this study, we
indicated IVIM related parameters as: IVIM-f, IVIM-D", IVIM-D.
DKI: The parametric map was calculated using the following fitting formula:
Sb = Soxexp(-bxD+b*xD?xK/6)
Where Sy and Sp have the same meanings as above, D is the apparent diffusivity, and K
is the excess kurtosis. In this study, we indicated DKI related parameters as: DKI-MD,
DKI-MK.
SEM: The parametric map was calculated using the following fitting formula:
Sp= Soxexp(-bxDDC)«
Where Sp and Sy have the same meanings as above, DDC is the distributed diffusion
coefficient, and a is the intravoxel heterogeneity index. In this study, we indicated SEM
related parameters as: SEM-DDC, SEM-a.
FROC: The parametric map was calculated using the following fitting formula:

S, = Soxexp[-Dp2f-D) (yGO)2B(A-5)]




Where Sy and Sp have the same meanings as above, G is the diffusion gradient
amplitude, 8 is the diffusion gradient pulse width, D is the diffusion coefficient, p is the
fractional order parameter, p is the microstructural quantity, andAis the gradient lobe
separation. In this study, we indicated FROC related parameters as: FROC-D, FROC-,
FROC-p.

CTRW: The parametric map was calculated using the following fitting formula:
Sv=Sp Ea(-(bDm)P)
Where Sp and Sp have the same meanings as above, E, yields a characteristic decay
process
that is represented by a Mittag-Leffler function, Dm is the anomalous diffusion
coefficient, a is the temporal diffusion heterogeneity index, and B is the spatial diffusion
heterogeneity index. In this study, we indicated CTRW related parameters as: CTRW-D,
CTRW-a, CTRW-p.
Figure 2 shows 14 maps derived from the six DWI models in one patient. All images
were analyzed independently by the same abdominal radiologist with ten years of
experience in abdominal imaging, who was blinded to the pathology results. The ROIs
were delineated in IT-SNAP (Version 3.8.0, http://www.itksnap.org/) software at the

central section of the right liver lobe, avoiding large vessels, bile ducts, lesions, and
artifacts (Figure 2p). The ROIs were selected on the DWI scans and propagated to the

corresponding parameter maps.

Biochemical tests and liver biopsies

One clinical medicine expert reviewed the patients” medical records. Blood serum
parameters were recorded within one week of the MRI examination. The Fibrosis-4
index was calculated based on clinical and routine laboratory variables using
previously-defined algorithms [15l. Histopathologic assessments were performed by an
experienced pathologist, who graded liver fibrosis (FO-F4) based on the Scheuer
semiquantitative scoring system [1°l. Scheuer scoring system was one of the most

commonly used scoring systems and recommended by Chinese consensus on the




diagnosis and therapy of liver fibrosis for the pathological diagnosis of liver
inflammation and fibrosis Bl. A fibrosis stage >F2 was defined as SF, singling out a

target population for pharmacotherapy 3171,

Statistical analysis

One-way ANOVA or Kruskal-Wallis tests evaluate whether the DWI-derived
parameters differed significantly among fibrosis stages. We used the LSD post-hoc test
for multiple comparisons. Spearman correlation coefficient analyses assessed the
correlations between the DWI-derived parameters and the fibrosis stage. The ability of
the various DWI-derived parameters and their combinations in model units to identify
patients with SF was assessed by the areas under the ROC curves (AUCs) and their 95%
confidence intervals. AUCs of the various DWI models were statistically compared by
the DeLong method.

Statistical analysis was performed using IBM SPSS Statistics for Windows, Version 26.0
(IBM Corp.), OriginPro, Version 2022b OriginLab (Northampton, MA, USA) OriginPro,
Version 2022b. Corporation, and Medcalc, Version 19.04 (MedCalc Software bvba,
Ostend, Belgium).

RESULTS

A total of 59 patients and 17 healthy controls were finally enrolled. The participants’
demographic and clinical characteristics are presented in Table 1. The underlying
causes of chronic liver disease among the patients were hepatitis B virus (n = 39),
nonalcoholic steatohepatitis (1 = 8), chronic liver disease without hepatitis virus
infection (n = 8), drug toxicities (n = 3), and gutoimmune disease (n = 1).

Histopathology indicated that 14 patients had stage F1, 28 had stage F2, seven had stage
F3, and ten had stage F4. The 17 healthy controls were staged as F0. Differences in the
DWI-derived parameters among the liver fibrosis stages are shown in Table 2. Liver
fibrosis stages differed significantly in Mono-ADC, IVIM-D, FROC-D, and CTRW-D.

Detailed comparisons are presented in Figure 3.




The fibrosis stages showed significant inverse correlations with Mono-ADC, IVIM-D,
KI-D, SEM-DDC, FROC-D, FROC-p, CTRW-D, and CTRW-a (Table 3).

The ability of the DWI-derived parameters and their combinations (DWI models) to

detect SF is shown in Figure 4. The combined CTRW-derived parameters resulted in the

highest AUC (0.747). The DWI models’” diagnostic performance was superior to that of

the DWI-derived parameters, with no differences among the DWI models (0.253<P<

0.949).

BISCUSSION

Early detection and precise staging of liver fibrosis are very important for early
diagnosis and prompt initiation of appropriate therapeutic regimens [l Reliable
noninvasive staging methods for liver fibrosis are urgently needed. DWI is available on
most MRI scanners and requires no additional hardware. It is also a simple and
relatively fast scanning method '8l This study compared six diffusion models that
contain 14 quantitative parameters for liver fibrosis staging. Our study found that D
values derived from various DWI models, FROC-p, and CTRW-a were significantly
correlated with the fibrosis stages, demonstrating their potential as noninvasive
assessment tools for liver fibrosis. Furthermore, the combined CTRW-derived
parameters resulted in a better diagnostic performance than all other DWI models. Our
findings suggested that: 1) all assessed DWI models were suitable for staging liver
fibrosis; 2) the novel non-Gaussian CTRW model was more valuable than other models
for fibrosis staging; 3) similar diagnostic performance for distinguishing SF was noted
in all DWI models.

The D values are a core parameter in all the assessed DWI models. These might have
different names in the various DWI models, but they all probe the tissue molecular
diffusion properties under Gaussian or non-Gaussian diffusion behavior. They all

showed a sﬁuﬁcant negative correlation with the fibrosis stage, as previously reported

[6.8,13,19, 20 This is possibly because the diffusion of water molecules is restricted due to

the increased deposition of the extracellular matrix and the aggravation of liver fibrosis.




All these D values contributed to the diagnostic performance of the models in
distinguishing SF.

As a novel DWI modeb the CTRW model recognizes time and space intravoxel
diffusion heterogeneity. These diffusion heterogeneities can directly reflect intravoxel
structural heterogeneity, which is related to tissue complexity and microenvironment
heterogeneity2!l. As liver fibrosis develops, depositions in the extracellular matrix and
changes in blood supply lead to increased microstructural complexity [22. These
changes provide a basis for liver fibrosis staging. To our knowledge, few studies used
the CTRW model to assess the liver fibrosis staging. However, several studies showed
the usefulness of the CTRW model in distinguishing low- from high-grade brain tumors
12 3] In our study, the CTRW-D and CTRW-a parameters derived from the CTRW
model showed significant negative correlations with the fibrosis stage. The CTRW-a
value is a specific parameter of the CTRW model. It represents the temporal
heterogeneity arising from the underlying tissue structural heterogeneity. Another
CTRW-specific parameter is CTRW-f3, but its correlation with the fibrosis stages was
insignificant. The lack of significance could be due to: 1) a sample size too small to
detect an association; 2) uneven distribution of the patients among the fibrosis stages. A
more precise relationship awaits our future analysis.

Although the AUC of the combined CTRW models was the largest among the six DWI
models, the models showed similar diagnostic performances in distinguishing SF when
assessed by the DeLong test. This finding differed from some previous studies. Xie et al
[24] compared the DKI and conventional Mono-DWI models in staging liver fibrosis,
suggesting that DKI performed better than the conventional Mono-DWI model. Ren et
al [l evaluated the clinical value of multi-model DWI for liver fibrosis assessment. They
concluded that the IVIM-D* value obtained from the bi-exponential model and SEM-
DDC obtained from the SEM model performed better than other parameters in
evaluating the degree of liver fibrosis. Park et al [26] compared the SEM model to other
DWI models and found that SEM-DDC from the SEM model was the most accurate

DWI parameter for liver fibrosis staging. Nevertheless, some studies reported results




consistent with ours. Yang et al 22 assessed the DKI and conventional DWI models in
staging liver fibrosis. They found that although the DKI model was feasible for
predicting liver fibrosis, the DKI-derived parameters offered similar diagnostic
performance to the Mono-ADC values. Sheng et al found no differences between the
FROC-derived parameters and Mono-ADC in staging liver fibrosis [13l. The different
results could be due to differences in the choice of the b-value distributions, scanners,
field intensities, diffusion gradients, and more 2731, These aspects can impact the
certainty and reproducibility of the outcomes. Clear specifications for standardizing any
of the DWI models are still lacking. Their absence is the biggest obstacle to the DWI
odels’ clinical application.
To improve the reproducibility and performance of DWI in liver fibrosis staging, some
searchers have proposed using normalized ADC (nADC). For instance, Zhu et al [32
have reported that nADC provided better reproducibility and improved diagnostic
accu for liver fibrosis detection than ADC. There were also some studies suggested
that combining DWI-derived indices with other non-invasive tests could improve
accuracy in liver fibrosis diagnosis. For instance, Basheer et al 33 reported that the
improved diagnostic efficacy when combining the ADC value with miRs for diagnosing
and staging liver fibrosis in patients with chronic hepatitis D. This conclusion was also
confirmed in another study from our group P4. These also provide a direction for future
research.
Our research ad several limitations. First, our sample was relatively small, and the
patient distribution among the fibrosis stages was uneven. Second, we focused in this
study on detecting SF, while other fibrosis stages were not evaluated. Further
comparative evaluations should be made in a subsequent study. Third, we did not
divide the patients based on the disease etiology. Fourth, liver fibrosis is a complex
pathological process accompanied by steatosis, inflammation, and other changes. This
study did not evaluate the effect of these factors.
Future work will need to assess a larger number of patients in each etiology. We should

consider the impact of other factors for a better comparison between the DWI-derived




parameters and the fibrosis stage. Standardization of data acquisition and
postprocessing is imperative as it can help acquire more reliable diffusion MRI
biomarkers. Broad clinical application of the DWI models in staging liver fibrosis is still
premature, but the approach is worthy of further study.

CONCLUSION

Our study demonstrated the clinical potential of using the CTRW-DWI model in liver
fibrosis staging. The combined diffusion parameters based on the various models were
superior to each individual parameter in distinguishing SF, while the various combined

DWI models showed similar diagnostic performance.

ARTICLE HIGHLIGHTS

esearch background
Liver fibrosis is a public health problem and closely associated with various prevalent
causes of chronic liver damage. Early diagnosis and accurate staging of liver fibrosis are
very important in clinical practice. Non-invasive methods have been evaluated for
diagnosing and staging liver fibrosis and have become the focus of clinical research.
Diffusion-weighted imaging (DWI) represents the most widely used functional
magnetic resonance imaging (MRI) sequence. There were several DWI models in
clinical and some of them have been applied to liver fibrosis detection and can provide

quantitative information in fibrosis staging.

Research motivation

Early detection and staging liver fibrosis are based on conventional DWI model or early
non-Gaussian diffusion models. There have been some novel DWI models recently,
their performance in staging liver fibrosis were not fully clear and which can help in

distinguishing significant fibrosis (SF).

Research objectives




In this prospective study, we investigated the value of the newest diffusion models in
staging liver fibrosis and compare their performances in distinguishing significant

fibrosis (SF).

Reseggch methods

This study enrolled 59 patients suspected of liver disease and scheduled for liver biopsy
and 17 healthy participants without serious health problems from July 2021 to June
2022. All participants were performed with multi-b value DWI and then calculated to
various DWI models using an in-house software prototype developed by MR Station.
The main DWI-derived parameters included Mono-apparent diffusion coefficient
(ADC) from mono-exponential DWI, true-diffusion coefficient (IVIM-D) from
Intravoxel Incoherent motion (IVIM), mean diffusion (DKI-MD) from diffusion kurtosis
imaging (DKI), distributed diffusion coefficient (SEM-DDC) from stretched exponential
model (SEM), diffusion coefficient (FROC-D) and microstructural quantity (FROC-p)
from fractional order calculus model (FROC), anomalous diffusion coefficient (CTRW-
D) and temporal diffusion (CTRW-a) from continuous-time _random-walk model
(CTRW). The correlations between DWI-derived parameters and fibrosis stages and the
parameters’ diagnostic efficacy in detecting significant fibrosis (SF) were assessed and

compared.

Research results

In the current study, it was found that liver fibrosis stages differed significantly in
Mono-ADC, IVIM-D, FROC-D, and CTRW-D. The fibrosis stages showed significant
inverse correlations with Mono-ADC, IVIM-D, DKI-D, SEM-DDC, FROC-D, FROC-,
CTRW-D, and CTRW-a. The combined CTRW-derived parameters resulted in the
highest AUC (0.747).

Research conclusions




The CTRW-DWI model demonstrated the clinical potential in liver fibrosis staging. The
combined diffusion parameters based on the various models were superior to each

individual parameter in distinguishing SF.

Research perspectives

As advanced DWI models, FROC and CTRW demonstrated their clinical potential in
early detection of liver fibrosis. More patients and stratification of causes will help to
generate more accurate results. Also, normalization of the DWI parameters will
improve the effectiveness and power in future research.
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Figure Legends

Figure 1. Patient enrollment flow chart

ROJ, region of interest; SF, significant fibrosis; NSF, non-significant fibrosis

Figure 2. A 27-year-old female patient with hepatitis B virus for nine years. The liver
fibrosis stage was diagnosed as F1. (a) Pathology image, hematoxylin-eosin (H&E)-
stained samples (original magnification x100) of right lobe of liver, shows portal
fibrosis; (b) Mono-ADC map; (c-e) IVIM-D, IVIM-D’, and IVIM-f maps; (f, g) DKI-MD
and DKI-MK maps; (h, i) SEM -DDC and SEM -a maps; (j-I) FROC-D, FROC-p, and
FROC-p maps; (m-0) CTRW-D, CTRW-a, and CTRW-[ maps; (p) the region of interest
placement in the liver parenchyma.

Mnon-ADC, apparent diffusion coefficient; IVIM-D, intravoxel incoherent motion
model-derived true diffusion coefficient; IVIM-D", intravoxel incoherent motion model-
derived pseudo-diffusion coefficient; IVIM-f, intravoxel incoherent motion model-
derived perfusion fraction; DKI-MD, diffusion kurtosis imaging-derived apparent
diffusivity; DKI-MK, diffusion kurtosis imaging-derived excess kurtosis; SEM-DDC,
stretched exponential model-derived distributed diffusion coefficient; SEM-a, stretched
exponential model-derived intravoxel heterogeneity index; FROC-D, fractional order
calculus model-derived diffusion coefficient; FROC-f, fractional order calculus model-
derived fractional order parameter; FROC-p, fractional order calculus model-derived
microstructural quantity; CTRW-D, continuous-time random-walk model-derived
anomalous diffusion coefficient; CTRW-a, continuous-time random-walk model-
derived temporal diffusion heterogeneity index; CTRW-f3, continuous-time random-
walk model-derived spatial diffusion heterogeneity index

Figure 3. Box-and-whisker plots showing the distributions of (a) Mono-ADC, (b) IVIM-
D, (c) FROC-D, and (d) CTRW-D in various liver fibrosis stages (*P<0.05).

Mono-ADC, apparent diffusion coefficient; IVIM-D, intravoxel incoherent motion
model-derived true diffusion coefficient; FROC-D, fractional order calculus model-
derived diffusion coefficient; CTRW-D, continuous-time random-walk model-derived

anomalous diffusion coefficient




Figure 4. Receiver operating characteristic curves for detecting significant fibrosis using
DWI-derived parameters (a) and their combinations into full models (b).

Mnon-ADC, apparent diffusion coefficient; IVIM-D, intravoxel incoherent motion
model-derived true diffusion coefficient; IVIM-D", intravoxel incoherent motion model-
derived pseudo-diffusion coefficient; IVIM-f, intravoxel incoherent motion model-
derived perfusion fraction; DKI-MD, diffusion kurtosis imaging-derived apparent
diffusivity; DKI-MK, diffusion kurtosis imaging-derived excess kurtosis; SEM-DDC,
stretched exponential model-derived distributed diffusion coefficient; SEM-a, stretched
exponential model-derived intravoxel heterogeneity index; FROC-D, fractional order
calculus model-derived diffusion coefficient; FROC-p, fractional order calculus model-
derived fractional order parameter; FROC-p, fractional order calculus model-derived
microstructural quantity; CTRW-D, continuous-time random-walk model-derived
anomalous diffusion coefficient; CTRW-a, continuous-time random-walk model-
derived temporal diffusion heterogeneity index; CTRW-f, continuous-time random-

walk model-derived spatial diffusion heterogeneity index
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