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Abstract:

Background:

It remains unknown whether the parameters obtained using the Stretched Exponential Model (SEM) and Fractional Order Calculus (FROC) models
can help distinguish Hepatocellular Carcinoma (HCC) from Intrahepatic Cholangiocarcinoma (ICC).

Objective:

This study aimed to evaluate the application value of the parameters of the 3.0T Magnetic Resonance Imaging (MRI) high-order SEM and FROC
diffusion model in differentiating HCC and ICC.

Methods:

Patients with pathologically confirmed HCC and ICC were prospectively enrolled. Diffusion-weighted imaging scans with multiple b-values were
acquired 2 weeks before the surgery. The original MRI images were fitted using the mono-exponential model, SEM, and FROC, and several
parameters were obtained for the analysis.

Results:

In total, 74 patients with HCC and 21 with ICC were included in the study. Significant differences between the HCC and ICC groups were noted in
the Apparent Diffusion Coefficient (ADC: p = 0.007), Distributed Diffusion Coefficient (DDC: p < 0.001), and Diffusion coefficient (D: p <
0.001), as each value was significantly lower in the HCC than in the ICC group. The area under the receiver operating characteristic curve of ADC,
DDC, and D was 0.694, 0.812, and 0.825, respectively, and the most effective corresponding cut-off values were 1.135 μm2/ms, 1.477 μm2/ms, and
1.104 μm2/ms, respectively.

Conclusion:

The diffusion parameters DDC from the SEM and D from the FROC model have been found to be more effective in discriminating HCC and ICC
than the ADC from the mono-exponential model. Combining these quantitative parameters can improve the MRI’s diagnostic accuracy, providing
useful information for the preoperative differential diagnosis between HCC and ICC.

Keywords:  Hepatocellular  carcinoma,  Intrahepatic  cholangiocarcinoma,  Stretched  exponential  model,  Fractional-order  calculus  model,
Differential  diagnosis,  Prospective  study.
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1. INTRODUCTION

Primary  liver  cancers  include  the  two  most  common

pathological  types:  Hepatocellular  Carcinoma  (HCC)  and
Intrahepatic Cholangio Carcinoma (ICC). These forms present
marked  differences  in  terms  of  pathogenesis,  biological
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behavior,  histopathological  morphology,  treatment,  and
prognosis. HCC accounts for approximately 75 85% of primary
liver cancers and ICC for 10–15%, respectively [1].

The  stage  of  HCC  development  determines  the  clinical
treatment  plan  [2].  Most  patients  with  early  and  mid-stage
HCC  are  eligible  for  non-drug  treatments,  such  as
hepatectomy,  transcatheter  chemoembolization,  and  liver
transplantation  [3,  4].  Radiofrequency  ablation  is  a  key
treatment option for patients with small liver tumors or those
who cannot undergo resection [5]. For patients with advanced-
stage  HCC,  systemic  treatment  is  prioritized,  with  a
combination of transarterial chemoembolization and systemic
therapies shown to produce antitumor efficacy and synergy [6].
Molecular-targeted therapies, immunotherapy, and monoclonal
antibody  drugs  are  considered  first  line  treatments.  Multi-
protocol  and  personalized  approaches  have  improved
progression-free survival and overall survival in patients with
HCC [7 - 9].

ICC originates from the epithelial cells of the intrahepatic
bile  duct;  it  is  typically  located  in  the  distal  tract  of  the  bile
duct  within  the  liver,  and  it  grows  infiltratively  along  its
mucosa. It presents no obvious symptoms and signs in the early
stages; thus, most patients are diagnosed only at an advanced
stage  of  the  disease.  Currently,  the  only  curative  treatments
available  are  surgical  resection  or  liver  transplantation  [8];
however,  adjuvant  chemotherapy  and  targeted  therapy  can
improve  the  quality  of  life  and  prolong  progression  free
survival of patients with unresectable tumors or intrahepatic or
distant metastasis [10, 11].

An  accurate  preoperative  differential  diagnosis  between
these histological types is crucial owing to the vast differences
in  surgical  methods,  treatment  strategies,  and  prognosis
between  HCC  and  ICC.  HCC  is  the  only  tumor  that  can  be
diagnosed  using  imaging;  however,  atypical  HCC  and  ICC
have  similar  imaging  features,  and  it  is  often  difficult  to
distinguish between them using conventional imaging methods
[12].  Diffusion  Weighted  Imaging  (DWI)  is  a  non-invasive
functional  Magnetic  Resonance  Imaging  (MRI)  technique.
Several  pathological  features,  such  as  tumor  infiltration,
trauma,  inflammation,  and  ischemia,  can  alter  the  tissue
histological  structure  and  affect  the  water  diffusion
characteristics, resulting in specific DWI signal patterns [13].
The Apparent Diffusion Coefficient (ADC) is calculated from
DWI  images  to  quantify  the  diffusion  of  water  molecules
within tissues and assess different biological characteristics [14
-  16].  The  water  diffusion  displacement  in  highly
heterogeneous  tumor  tissues  deviates  significantly  from  the
Gaussian  distribution;  therefore,  the  ADC  based  on  the
traditional mono-exponential DWI model cannot fully reflect
the  diffusion  properties  of  water  in  tumor  tissues,  and  its
application has obvious limitations [17, 18]. In contrast, the
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Stretched Exponential Model (SEM), described by Bennett et
al.,  and  the  Fractional  Order  Calculus  (FROC)  model,  first
proposed by Zhou et al., have attracted increasing attention to
overcome these issues [19, 20].

The  SEM  quantifies  voxel  heterogeneity  using  the
Distributed Diffusion Coefficient (DDC) and intravoxel water
molecular  diffusion  heterogeneity  (α)  to  describe  the
complexity  and  diversity  of  tumor  tissues  and  their
microstructures.  The  SEM  can  reflect  the  physiological
characteristics  of  biological  tissues,  the  heterogeneity  of  the
diffusion rate between voxels, and the different distribution and
diffusion  effects  of  water  molecules  in  each  voxel  [21].  In
previous  studies,  the  SEM  has  been  used  to  characterize
hepatic  fibrosis,  microvascular  invasion  of  liver  cancer,  and
esophageal cancer grade, and to evaluate the efficacy of breast
cancer treatments [22 - 26].

The  FROC  model  is  a  new  method  to  evaluate  the  non-
Gaussian distribution of water molecules. It uses the diffusion
coefficient  (D),  fractional-order  derivative  in  space  (β),  and
spatial  parameter  (μ)  to  describe  the  complex  diffusion
processes in highly heterogeneous tissues, such as tumors [27].
Previous studies have reported the FROC model to be useful in
determining  the  pathological  characteristics  of  different
diseases, tumor grading, and the differential diagnosis between
benign and malignant tumors [28 - 33]. However, it remains to
be determined whether the parameters obtained using the SEM
and FROC models can be helpful in distinguishing HCC and
ICC  on  the  basis  of  multiple  b-value  (0-3000  s/mm2)  DWI
scanning sequences.

The purpose of this study was to evaluate the feasibility of
the  SEM  and  FROC  models  in  the  non-invasive  differential
diagnosis  of  HCC and ICC by prospectively  collecting  DWI
images of these tumors with multiple b-values (0-3000 s/mm2)
and dividing them according to postoperative pathological data.
We aimed to  provide  a  reference  for  early  clinical  diagnosis
and treatment to improve the prognosis of patients with HCC
and ICC. This follow-up clinical study has been based on the
article titled “Potential Value of the Stretched Exponential and
Fractional  Order  Calculus  Model  in  Discriminating  Between
Hepatocellular  Carcinoma  and  Intrahepatic  Cholangio-
carcinoma:  An  Animal  Experiment  of  Orthotopic  Xenograft
Nude Mice,” published in Current Medical Imaging [34].

2. MATERIALS AND METHODS

2.1. Participants

Participants  were  prospectively  recruited  from  our
institution  from June  2021  to  November  2022.  Patients  with
suspected  malignant  lesions,  identified  on  abdominal
ultrasonography  or  computed  tomography  examinations,
underwent  MRI  scanning  with  conventional  preoperative
sequences and multiple DWI sequences with several b-values
(0-3000  s/mm2).  Afterward,  they  underwent  liver  cancer
resection  within  2  weeks.

The  inclusion  criteria  were  as  follows:  (1)  MRI
examination  and  no  treatment  related  to  liver  cancer  before
surgery;  (2)  radical  resection  surgery;  and  (3)  postoperative
pathological examination confirming HCC or ICC.
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Fig. (1). MRI images of a patient with pathologically confirmed hepatocellular carcinoma.
(a) Cross-sectional T2-weighted fat-suppression image; (b) Diffusion Weighted Image (DWI) at b = 1000 s/mm2; (c) Apparent Diffusion Coefficient
(ADC) map; (d, e) parameter maps of the Stretched Exponential Model (SEM): Distributed Diffusion Coefficient (DDC) and diffusion heterogeneity
coefficient (α), respectively; (f, g, h) parameter maps of the Fractional Order Calculus (FROC) model: diffusion coefficient (D), spatial fractional
parameter (β), and spatial parameter (μ), respectively. MRI: magnetic resonance imaging.

The  following  exclusion  criteria  were  considered:  (1)
distant metastases; (2) lesion diameter as seen on MRI images
<  1  cm;  (3)  low  MRI  image  quality;  (4)  previous  history  of
other  malignant  tumors;  and  (5)  no  immunohistochemical
results  after  surgery.

The study was approved by the medical ethics committee
of the First Affiliated Hospital of Guangxi Medical University
(approval  no.  2022-KY-E-271),  and  all  patients  provided
written informed consent. SAGER guidelines were followed.

2.2. MRI Scans

All  images  were  acquired  using  a  3.0T  MRI  scanner
(MAGNETOM Prisma, Siemens, Munich, Germany), using a
16-channel body coil combined with respiratory gating.

A DWI sequence of free breath plus breath navigation was
acquired,  and  three  orthogonal  diffusion-coding  directions
were set. The 10 b-values used were 0, 20, 50, 100, 150, 200,
600 [1], 1000 [2], 2000 [4], and 3000 [6] s/mm2. The detailed
parameters  of  the  DWI  sequence  are  as  follows:  Repetition
Time (TR) = 4900 ms, Echo Time (TE) = 57 ms, Field of View
(FOV) = 380 mm × 261 mm, FOV phase = 68.8%, matrix = 88
×  128,  layer  thickness  =  5.0  mm,  layer  spacing  =  6.4  mm,
bandwidth  =  2442  Hz/pixels,  and  parallel  acquisition
acceleration factor = 2, which shortened the scanning time and
reduced image distortion.

The  other  scan  sequences  and  specific  parameters  are  as
follows: conventional T1-weighted Images (T1WI): TR = 6.51
ms, TE = 2.61 ms, inversion angle = 12°, slice thickness = 5.0

mm, layer spacing = 2.0 mm, voxel size = 0.4 × 0.4 × 5.0 mm;
cross-sectional T2WI fat-suppression sequence: TR = 2700 ms,
TE = 54 ms, inversion angle = 110°, slice thickness = 5.0 mm,
layer spacing = 2.0 × 0.2 × 5.0 mm; coronal T2WI sequence:
TR  =  3000  ms,  TE  =  82  ms,  inversion  angle  =  180°,  slice
thickness = 5.0 mm, interval = 2.0 mm, FOV read = 420 mm,
FOV phase = 100%, voxel size = 0.2 × 0.2 × 1.2 mm.

2.3. Image Post-processing and Quantitative Measurements

After  the  scan  was  completed,  the  DWI DICOM images
were  imported  into  the  post-processing  software  Body-
DiffusionLab  (BoDiLab,  ChengDu  ZhongYing  Medical
Technology Co., Ltd., ChengDu, China) and used to calculate
the ADC values and the various parameters for the SEM and
FROC models (Figs. 1 and 2).

The  mono-exponential  model  to  fit  the  DWI  data  was
estimated  as  follows:

Where, S0 and Sb are the signal intensities for b-values of
0  and  1000  s/mm2,  respectively,  and  ADC  is  the  apparent
diffusion  coefficient.

The  SEM  to  fit  the  DWI  data  was  calculated  with  the
following formula:

𝑆𝑏

𝑆0
= exp(−𝑏 × 𝐴𝐷𝐶), 

𝑆𝑏

𝑆0
= exp[−(𝑏 × 𝐷𝐷𝐶)] 𝛼, 
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Where,  S0  and  Sb  are  the  same  as  above;  DDC  is  the
distributed diffusion coefficient (in μm2/ms), and α represents
the intravoxel water diffusion heterogeneity (unitless; 0 < α ≤
1). The Levenberg-Marquardt non-linear fitting algorithm was
adopted to fit the diffusion images obtained at 10 different b-
values to the SEM voxel by voxel.

Finally, the FROC model was estimated as follows:

Where, S0 and Sb are described as above; Gd, δ, and ∆ are
the amplitude, pulse width, and lobe separation of the diffusion
gradient,  respectively;  D  is  the  diffusion  coefficient  (unit:
μm2/ms); β is the fractional-order derivative in space (unitless;
0 < β ≤ 1); and μ is a spatial parameter (μm). The Levenberg-
Marquardt non-linear fitting algorithm was again used to fit the
diffusion images to the FROC model.

All the post processed ADC, SEM, and FROC parameter
images were quantified using Body-DiffusionLab and analyzed
by  two  radiologists  with  more  than  5  years  of  experience  in
liver MRI diagnosis,  blinded to the histopathological  results.
The  Volume  of  Interest  (VOI)  was  manually  segmented  on
DWI images with b = 1000, using T2WIs as a reference, and
included all the tumor layers visible on each parameter image;
however,  the tumor areas showing bleeding or necrosis were

carefully  omitted  in  the  VOIs  for  more  accurate  results.
Subsequently, the VOIs were automatically superimposed on
all  other  parameter  images  at  the  same level  to  calculate  the
parameter  values.  The  final  value  for  each  parameter  was
obtained,  averaging  the  values  calculated  by  the  two
radiologists.

2.4. Statistical Analysis

SPSS 26.0 (IBM, Armonk, NY, USA) was used to analyze
the  data.  The  Intra-class  Correlation  Coefficient  (ICC)  was
used  to  evaluate  the  consistency  of  ADC,  SEM,  and  FROC
model parameters calculated by the two radiologists (< 0.50:
poor agreement; 0.50–0.75: moderate; 0.75–0.90: good; > 0.90:
very  good  agreement).  The  quantitative  data  have  been
expressed as mean ± standard deviation, and the Shapiro–Wilk
or Kolmogorov–Smirnov test was used to assess the normality
of  their  distribution.  The  differences  in  diffusion  parameters
between  the  HCC  and  ICC  groups  were  examined  with  an
independent  sample  t-test  (normal  distribution)  or  Mann-
Whitney  U  test  (non-normal  distribution).  A  Receiver
Operating  Characteristic  (ROC)  curve  was  obtained  for
parameters  with  significant  differences  between  the  two
groups, and the Area Under the Curve (AUC) was calculated to
evaluate the diagnostic efficiency of each diffusion parameter.
The optimal diagnostic threshold was selected on the basis of
the  maximum  Youden  index  value,  and  the  corresponding
sensitivity  and  specificity  values  were  calculated  for  each
variable.  Statistical  significance  was  set  at  p  <  0.05.

Fig. (2). MRI images of a patient with pathologically confirmed intrahepatic cholangiocarcinoma.
(a) Cross-sectional T2-weighted fat-suppression image; (b) Diffusion Weighted Image (DWI) at b = 1000 s/mm2; (c) Apparent Diffusion Coefficient
(ADC) map; (d, e) parameter maps of the Stretched Exponential Model (SEM): Distributed Diffusion Coefficient (DDC) and diffusion heterogeneity
coefficient (α), respectively; (f, g, h) parameter maps of the Fractional Order Calculus (FROC) model: diffusion coefficient (D), spatial fractional
parameter (β), and spatial parameter (μ), respectively. MRI: magnetic resonance imaging.

𝑆𝑏

𝑆0
= exp[−𝐷𝜇2(𝛽 − 1)(𝛾𝐺𝑑𝛿)2𝛽(∆

− (2𝛽 − 1)(2𝛽 + 1)𝛿)] , 



Value of the Stretched Exponential and Fractional-order Model Current Medical Imaging, 2024, Volume xxxx   5

3. RESULTS

In  total,  95  patients  with  primary  liver  cancer  were
recruited  for  the  study,  including  74  with  HCC  and  21  with
ICC. The mean age in the HCC group was 52.5 ± 9.5 years,
and  80%  of  patients  were  male;  the  mean  maximum  tumor
diameter was 6.35 ± 3.56 cm. In the ICC group, the mean age
was 58.9 ± 8.8 years, and 57% of patients were male; the mean
maximum  tumor  diameter  was  5.71  ±  3.25  cm.  The  main
clinical  and  pathological  data  of  the  patients  are  shown  in
Table 1.

3.1. Comparisons of SEM and FROC Parameters between
the HCC and ICC Groups

The  analysis  of  the  consistency  between  the  two
radiologists  gave  the  following  ICC  results:  ADC  =  0.833,
DDC = 0.851, α = 0.822, D = 0.838, β = 0.884, and μ = 0.897,
showing  a  good  agreement  (Table  2).  In  the  between-group
comparison of all quantitative diffusion parameters, significant
differences emerged in the ADC (p = 0.007), DDC of the SEM
(p < 0.001), and D of the FROC model (p < 0.001); all these
values  were  significantly  lower  in  the  HCC  than  in  the  ICC
group  (Fig.  3).  In  contrast,  no  statistically  significant

differences between the groups were noted in the α, β, and μ
values (p = 0.893, p = 0.560, p = 0.979, respectively). Detailed
data are shown in Table 3.

3.2. Diagnostic Performance of the Diffusion Metrics

The  ADC,  DDC,  and  D  were  analyzed  with  the  ROC
curve;  the  overall  diagnostic  efficacy  of  D  and  DDC  was
higher, with AUC of 0.825 and 0.812, respectively, whereas for
the ADC, the AUC was 0.694 (Fig. 4). However, D and DDC
exhibited high specificity (98.65% and 85.14%, respectively)
and low sensitivity (57.14% and 66.67%); in contrast, the ADC
showed  higher  sensitivity  (85.71%)  and  lower  specificity
(60.81%).  These  results  are  summarized  in  Table  4.

The diffusion coefficient (D) exhibited the best diagnostic
performance  [Area  Under  the  Curve  (AUC):  0.825,  95%
Confidence  Interval  (CI):  0.722–0.887,  sensitivity:  57.14%,
specificity:  98.65%),  followed  by  the  Distributed  Diffusion
Coefficient  (DDC)  (AUC:  0.812,  95%  CI:  0.719–0.885,
sensitivity:  66.67%,  specificity:  85.14%),  whereas  the
Apparent Diffusion Coefficient (ADC) demonstrated a lower
diagnostic  efficacy  (AUC:  0.694,  95%  CI:  0.591–0.784,
sensitivity:  85.71%,  specificity:  60.81%).

Table 1. Clinical and pathological data of the patients.

- HCC Group
(n = 74)

ICC Group
(n = 21) P

Maximum diameter (cm) 6.35 ± 3.56
(2.2-18.0)

5.71 ± 3.25
(1.8-15.0) 0.067

Age (years) 52.5 ± 9.5
(24-77)

58.9 ± 8.8
(41-71) 0.387

Sex - - 0.617
Male 59 12 -

Female 15 9 -
Etiology - - 0.524

Hepatitis B virus 69 18 -
Other 5 3 -

Microvascular invasion - - 0.071
Yes 32 6 -
No 42 15 -

Note: The data are expressed as mean ± standard deviation (range) or number, as appropriate. HCC: hepatocellular carcinoma; ICC: intrahepatic cholangiocarcinoma.

Table 2. Parameter values in the hepatocellular carcinoma and intrahepatic cholangiocarcinoma groups and consistency
analysis between the two radiologists.

Parametersa Radiologist 1 Radiologist 2
ICC 95% CI

HCC Group ICC Group HCC Group ICC Group
ADC 1.223 ± 0.324 1.311 ± 0.288 1.235 ± 0.282 1.424 ± 0.318 0.833 0.834–0.926
DDC 1.238 ± 0.560 1.614 ± 0.457 1.306 ± 0.575 1.603 ± 0.346 0.851 0.815–0.934

α 0.567 ± 0.124 0.603 ± 0.112 0.619 ± 0.121 0.570 ± 0.130 0.822 0.882–0.918
D 0.812 ± 0.180 1.171 ± 0.373 0.868 ± 0.142 1.167 ± 0.388 0.838 0.863–0.913
β 0.680 ± 0.108 0.696 ± 0.089 0.668 ± 0.109 0.679 ± 0.091 0.884 0.833–0.902
μ 3.515 ± 0.485 3.462 ± 0.317 3.255 ± 0.351 3.375 ± 0.489 0.897 0.839–0.936

Note: aADC, DDC, and D were measured in μm2/ms, α and β in percentages, and μ in μm.
Abbreviations: HCC: hepatocellular carcinoma; ICC: intrahepatic cholangiocarcinoma; ICC: intraclass correlation coefficient; CI: confidence interval; ADC: apparent
diffusion coefficient; DDC: distributed diffusion coefficient; α: diffusion heterogeneity coefficient; D: diffusion coefficient; β: spatial fractional parameter; μ: spatial
parameter.
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Fig. (3). Between-group comparisons of the parameters considered.
(a)  The  Apparent  Diffusion  Coefficient  (ADC),  (b)  Distributed  Diffusion  Coefficient  (DDC),  and  (c)  diffusion  coefficient  (D)  values  in  the
Hepatocellular Carcinoma (HCC) group were significantly lower than those in the Intrahepatic Cholangiocarcinoma (ICC) group (**: p < 0.01; ****:
p < 0.001).

Table 3. Comparison of the quantitative parameters of various diffusion models between the hepatocellular carcinoma and
intrahepatic cholangiocarcinoma groups.

Parametersa HCC Group ICC Group P
ADC 1.229 ± 0.366 1.367 ± 0.266 0.007*
DDC 1.272 ± 0.230 1.608 ± 0.341 < 0.001*

α 0.593 ± 0.104 0.587 ± 0.112 0.893
D 0.841 ± 0.135 1.169 ± 0.358 < 0.001*
β 0.674 ± 0.083 0.688 ± 0.083 0.560
μ 3.385 ± 0.425 3.419 ± 0.337 0.979

Note: a ADC, DDC, and D were measured in μm2/ms, α and β in percentages, and μ in μm.
* indicates statistically significant differences.
Abbreviations: HCC: hepatocellular carcinoma; ICC: intrahepatic cholangiocarcinoma; ADC: apparent diffusion coefficient; DDC: distributed diffusion coefficient; α:
diffusion heterogeneity coefficient; D: diffusion coefficient; β: spatial fractional parameter; μ: spatial parameter.

Table  4.  Diagnostic  efficacy  of  ADC,  DDC,  and  D  in  discriminating  hepatocellular  carcinoma  and  intrahepatic
cholangiocarcinoma.

Parameters AUC P Sensitivity (%) Specificity (%) 95% CI Cut-off Value
ADC 0.694 0.001 85.71 60.81 0.591–0.784 1.135
DDC 0.812 < 0.001 66.67 85.14 0.719–0.885 1.477

D 0.825 < 0.001 57.14 98.65 0.722–0.887 1.104
Abbreviations: AUC: area under the curve; CI: confidence interval; ADC: apparent diffusion coefficient; DDC: distributed diffusion coefficient; D: diffusion coefficient.

4. DISCUSSION

Most primary liver cancers lack specific clinical features in
the  early  stages.  HCC  and  ICC  are  often  diagnosed  at  the
middle or late stages, with a poor prognosis. A research study
by Xu et al. and Peng et al. has shown that genetic analysis has
a  strong  predictive  ability  for  the  prognosis  of  primary  liver
cancer.  A  comprehensive  assessment  of  a  patient's  genetic
profile can help guide the selection of more effective treatment

strategies. Therefore, it is crucial to use imaging techniques to
accurately  differentiate  between  HCC  and  ICC  before
treatment [35, 36]. DWI can differentiate several pathological
changes in tissues, such as trauma, inflammation, ischemia, and
necrosis, through measuring the ADC obtained with the mono-
exponential  DWI  model;  therefore,  this  type  of  sequence  is
widely used in clinical diagnosis [37 - 39]. The ADC is based
on  the  assumption  that  the  diffusion  of  water  molecules  in
human tissues follows a free and random Gaussian distribution;
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Fig. (4). Receiver operating characteristic curves of the parameters considered.

however,  previous  studies  have  shown  that  in  the
microstructure of tumor tissues, this motion deviates from the
Gaussian  distribution,  affecting  the  accuracy  of  the  ADC
measurement [40]. We found the difference in ADC between
the  HCC  and  ICC  groups  to  be  statistically  significant.
However, the overall diagnostic efficacy of this parameter in
differentiating these types of tumors was moderate. The ADC
cannot accurately reflect the characteristics of water diffusion
in  highly  heterogeneous  tumor  tissues;  therefore,  its  clinical
application  in  the  differential  diagnosis  of  malignant  liver
tumors  is  limited  [13].

The SEM derives from the mono-exponential DWI model,
and it can distinguish the tumor from the surrounding healthy
tissues  by  measuring  the  signal  attenuation  caused  by
circuitous  blood  vessels  and  highly  heterogeneous  cell
morphology,  providing  high  accuracy  in  quantifying  the
heterogeneity  in  voxels  [41].  Moreover,  the  DDC  values
derived  from  the  SEM  model  represent  the  continuous
distribution  of  diffusion  coefficients  from  different  tissue
voxels and describe the average diffusion rate within them. We
found  a  statistically  significant  difference  in  the  mean  DDC
values between the groups; in the HCC group, this parameter
was significantly lower than that in the ICC group, providing a
higher  diagnostic  efficiency  than  that  of  the  ADC.  This
difference may be explained by histopathology, as the DDC is
mainly  derived  from  hepatocytes.  The  HCC  tumor  cells  are
tightly arranged and grow in dense nests within the liver tissue;
the  tumor  neovascularization  increases  and  reduces  the
extracellular  space,  limiting  the  free  movement  of  water
molecules, and consequently, the DDC decreases. In contrast,
ICC originates from the intrahepatic bile ducts; the tumor cells
mostly surround the initial lesion, growing in a tubular, acinar,
or  cord  shape,  and  allowing  more  freedom  to  the  water
diffusion  movement  compared  to  the  HCC  cells  [42  -  44].
Another parameter derived from the SEM model, α, represents
the  heterogeneity  of  the  water  diffusion  rate  in  voxels  and
describes the deviation between the signal attenuation and the
one  expected  from the  mono-exponential  form.  Therefore,  it
reflects the complexity of the tissue, and it ranges from 0 to 1

[45].  As  reported  by  Bai  et  al.,  the  α  value  in  high-grade
gliomas is significantly lower than that in low-grade gliomas,
indicating that this parameter is affected by the water diffusion
heterogeneity  in  tumor  tissues  [46].  However,  we  found  no
significant difference in α between HCC and ICC; this finding
may be due to micronecrotic areas in the VOIs that cannot be
identified  by  the  naked  eye  on  MRI  images.  In  a  previous
study, α was reported to be heavily affected by tissue necrosis
[21]. Additionally, the living cell density in the micronecrotic
area was lower than that  in the tumor tissue;  thus,  the tumor
microstructure  was  more  uniform  [47],  reducing  the  α
accuracy. Moreover, both HCC and ICC are characterized by
high  tissue  heterogeneity,  and  α  may  be  insufficient  to
distinguish  the  different  degrees  of  tissue  heterogeneity.

The  FROC  model  could  also  reveal  the  non-Gaussian
distribution  of  water  diffusion.  Three  parameters  could  be
derived from it: D, β, and μ, describing the heterogeneity of the
tumor  tissue  microstructure  and  representing  the  complex
diffusion  process;  these  parameters  could  complement  the
mono-exponential  DWI  model  [48,  49].  D,  the  diffusion
coefficient, was significantly lower in the HCC group than in
the ICC group,  and was also the most  effective parameter  in
distinguishing the two types of tumors. Both D and DDC have
been reported to be diffusion coefficients, decreasing with the
increased  limitation  of  water  diffusion  in  the  tumor
microstructure [50]. The other two parameters obtainable from
the  FROC  model  have  been  reported  to  be  β  and  μ,  which
describe the heterogeneity in voxels and the average free range
of  the  diffusion  movement,  respectively.  Our  results  have
shown no significant difference in β and μ values between the
groups. These two parameters may be insufficiently sensitive
to detect the differences in heterogeneity and diffusion speed
between the compact cell structure and high cell proliferation
of HCC and ICC [51]. However, β and μ have been reported to
highlight  effectively  the  different  degrees  of  tumor
heterogeneity  to  allow  the  differential  diagnosis  of  various
types of tumors, such as high- and low-grade urothelial bladder
carcinomas,  pediatric  brain  tumors,  or  benign  and  malignant
breast tumors [52 - 54].
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In  this  prospective  clinical  study,  the  results  showed  the
mean DDC values from the SEM model and the D values from
the  FROC  model  to  be  statistically  significant  between  the
HCC  and  ICC  groups.  DDC  and  D  values  showed  superior
diagnostic efficiency, which initially confirmed that the SEM
and  FROC  models  could  reflect  different  histopathological
features  and  the  complex  heterogeneity  of  tumor  tissues.
Therefore,  these models  can provide a  valuable  basis  for  the
preoperative differential diagnosis of HCC and ICC, as well as
for the formulation of personalized treatment plans. They have
also been found to be superior to the ADC values derived from
the traditional single-index model.

This  study  has  involved  some  limitations.  The  images
obtained  using  free-breathing  navigation  during  the  MRI
scanning could minimize motion artifacts; however, after the
parameter  maps  of  the  FROC  model  were  obtained  with
multiple  b-values,  the  interference  of  motion  artifacts  could
have  been  magnified  [51].  Moreover,  the  ICC  group  was
relatively small, and its size may have affected the accuracy of
β and μ values. Both DDC and D could indicate the degree of
cell density; however, these two parameters were not consistent
in our results, possibly due to discrepancies between the fitting
formula  of  the  SEM  and  FROC  models  or  the  small  sample
size.  In  addition,  MRI  images  and  histopathological  slides
could  not  be  accurately  matched.  In  their  study,  Shan  et  al.
provided  comprehensive  and  up-to-date  data  on  liver  cancer
stage  at  diagnosis  in  China,  emphasizing  the  importance  of
cancer  awareness  and  early  detection  programs  [55].  In  our
study, the sample size was insufficient, with most patients with
liver cancer diagnosed in the middle or late stages. We plan to
expand the sample size across different stages of liver cancer
and  use  the  SEM and  FROC models  for  early  detection  and
analysis.

CONCLUSION

The DDC and D diffusion parameters from the SEM and
FROC  models,  respectively,  appeared  to  have  higher
diagnostic  efficiencies  of  HCC  and  ICC  than  the  traditional
ADC from the mono-exponential model; these parameters may
be used to improve the accuracy of the preoperative imaging
diagnosis and help guide personalized treatment.
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