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Background: The present study analyzed whole-lesion histogram parameters from intravoxel incoherent
motion diffusion-weighted imaging IVIM-DWI) to explore the clinical value of IVIM histogram features in
the differentiation of liver lesions.

Methods: In this retrospective study, 33 cases of hepatic hemangioma (HH), 22 cases of hepatic cysts (HC),
and 34 cases of hepatocellular carcinoma (HCC) were underwent IVIM-DWI (b =0-600 s/mm’), which were
confirmed pathologically and clinically. The data were processed by IVIM model to obtain the following
quantitative indicators: perfusion fraction (f), slow diffusion coefficient (D), and pseudo-diffusion coefficient
(or fast diffusion coefficient, D*). The region of interest in the largest solid part of the lesion was delineated
for histogram analysis of the correlation between tissue image and lesion type. The relevant histogram
parameters were obtained and statistically analyzed. The characteristic histogram parameters for HH,
HC, and HCC were compared to find significantly different parameters. The diagnostic efficacies of these
parameters for HH, liver cysts, and HCC were assessed using the receiver operating characteristic (ROC)
curves.

Results: There were significant differences in the maximum diameter, maximum value, minimum value,
mean, median, standard deviation, uniformity, skewness, kurtosis, volume, 10th percentile (P10) of D, and
90th percentile (P90) of D between the three groups (P<0.05). The maximum diameter, minimum value,
entropy, and volume of D* differed significantly between the three groups (P<0.05). The maximum diameter,
minimum value, mean, median, skewness, kurtosis, volume, P10, and P90 of f differed significantly between
the three groups (P<0.05). The largest area under the ROC curve (AUC) for both D* and f was that of
volume (AUC =0.883 for both). When 1438.802 was used as the volume cut-off, the sensitivity and specificity
of volume in differentiating between HH and HC were 87.88 and 77.27, respectively, and the sensitivity and
specificity of volume in differentiating between HC and HCC were 77.27 and 85.29.

Conclusions: A multiparametric histogram from IVIM-DWI magnetic resonance imaging (MRI) is an
effective means of identifying HH, HC, and HCC that provides valuable reference information for clinical

diagnosis.
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Introduction

Diffusion-weighted imaging (DWI) is a technique
that uses the characteristics of the Brownian motion of
water molecules for imaging, enabling the study of the
human body by magnetic resonance imaging (MRI) at
the molecular level. It reflects the microstructure of
human tissues and changes in the movement of water
molecules inside and outside the cells and thus is valuable
for determining the sensitivity of diseases and making
differential diagnoses in clinical practice (1). In recent
years, with the application of rapid sequences, such as
echo-planar imaging, and advances in hardware, DWI has
shown promising application prospects in research on liver
diseases. Quantitative DWI can provide information that
conventional MRI cannot provide. The measurement of the
apparent diffusion coefficient (ADC) can help distinguish
between benign and malignant lesions and predict and
monitor the efficacy of radiotherapy and chemotherapy
on malignancies (2). However, the traditional simple
exponential model has certain limitations in the quantitative
analysis of the diffusive motion of water molecules in tissues.
For example, it ignores the effect of the microcirculation
(comprised of arterioles, capillaries, and venules) on ADCs
in viable tissues. Intravoxel incoherent motion (IVIM) DWI
distinguishes the diffusion of water molecules in biological
tissues from microcirculatory perfusion (3). There are many
reports on the diagnosis of neoplastic lesions of the liver by
IVIM-DWI and its quantitative parameters, namely, slow
diffusion coefficient (D), pseudo-diffusion coefficient (or
fast diffusion coefficient, D*), and perfusion fraction (f) (4).
MR conventional sequence images can only evaluate the
uniformity of the general composition structure, and have
relatively low specificity and cannot show the smoothness
and uniformity of pixel gray scale in the region of interest
(ROI) (5). Therefore, it is still difficult to use conventional
MRI in the differential diagnosis of liver lesions. The
application of texture analysis (TA) provides new ideas for
medical image processing (6). Multiparametric histogram
features of IVIM-DWI is a region of interest (ROI)—
based image processing method, on the basis of routine
sequence by extracting the feature value of the ROI in the
image, quantifies the image information in a quantitative
way, and provides more information about the internal
tumor heterogeneity that is difficult for the human eye to
distinguish. It can avoid the subjective bias of readers in
assessing the characteristics of grayscale images, giving it

high reliability and repeatability. In recent years, TA of
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MR images has been used in the assessment of lesions in
the brain, prostate, breast, liver, and other organs. In these
studies, TA has been proved to be useful in identifying
tumor types and predicting tumor grade and prognosis (5-7).

Histogram analysis is one of the commonly used
methods of texture analysis. It mainly describes the
number of pixels in a certain gray level of an image, the
range of gray level distribution, the degree of brightness
and darkness and contrast, and provides parameters
related to disease identification and classification. The
results show that the histogram method can be used
to obtain more detailed characteristic information
of lesions, which is of great significance for the
differentiation, staging and efficacy evaluation of lesions
(8,9). However, there are relatively few studies on the
differential diagnosis efficacy of histogram TA in liver
space-occupying lesions. The current study analyzed
the whole-lesion histogram parameters for IVIM-DWI
and explored their capability in differentiating between
hepatic hemangioma (HH), hepatic cysts (HC) and
hepatocellular carcinoma (HCC). The results provide a
reference for the clinical diagnosis of these diseases.

We present the following article in accordance with
the STARD reporting checklist (available at http://dx.doi.
org/10.21037/atm-20-5109).

Methods
Research subjects

This was a retrospective study. In accordance with the
ethical requirements for medical research, 89 patients with
space-occupying lesions of the liver in our hospital between
June 2016 and October 2019 were selected from the Picture
Archiving and Communication Systems (PACS) according
to the inclusion and exclusion criteria. In all, this study
had 33 cases of HH [19 males and 14 females, aged 28-72
(51.42£13.50) years, Group HH], 22 cases of HC [12 males
and 10 females, aged 20-80 (51.3+15.2) years, Group HC],
and 34 cases of HCC [31 males and 3 females, aged 33-58
(52.4£10.0) years, Group HCC].

This study was reviewed and approved by the Ethics
Committee of the Panyu Central Hospital (approval
number: H20160005) and carried out in strict accordance
with the signed research protocol, the clinical trial
regulations, and the Declaration of Helsinki (as revised in
2013). The requirement for informed consent was waived
because of the retrospective nature of the research.
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Inclusion criteria

Patients who met the following criteria were included in this
study. (I) They received routine IVIM-DWI MRI scans. (II)
All lesions were not treated before MRI examination. (III)
All lesions were confirmed by clinical follow-up, biopsy, or
postoperative pathology.

Exclusion criteria

Patients who met the following criteria were excluded. (I)
The images were of poor quality and could not be used for
analysis. (II) The conventional IVIM-DWI MR image data
were incomplete. (III) The lesions were too small to be
analyzed with the software.

MRI examinations

Patients were scanned in a head-first orientation while in the
supine position in a Siemens Avanto 1.5-T superconductive
MRI scanner (Magnetom Avanto; Siemens Medical
Solutions, Erlangen, Germany) with a 12-channel spine
coil and a 6-channel body coil. Before the examination,
the patients were required to fast for 4 h and complete the
respiratory training, including free breathing at a steady
pace and end-inspiratory breath hold. The scan range
covered the whole liver. The following MRI sequences were
acquired: (I) axial breath-hold T1-weighted imaging (T1WI)
double-echo sequences, (II) axial respiratory-triggered fat-
suppressed T2-weighted imaging (T2WI) sequences; and
(IIT) axial respiratory-triggered IVIM-DWI sequences. The
scan settings were as follows: repetition time =3,000 ms,
echo time (TE) =74 ms, field of view =400x296 mm, matrix
=128x128, parallel acquisition (parallel acquisition factor
=2), slice thickness =5 mm, interslice gap =1.6 mm, spectral
adiabatic inversion recovery for fat suppression, and b
values =0, 100, 300 and 600 s/mm’.

Immage analysis

The data were imported into the Diffusion Imaging
application in the Medical Imaging Interaction Toolkit to
obtain the parameter maps in the biexponential model,
including those of D, D* and f. Referring to fat-suppressed
T2WI and multiphase dynamic contrast-enhanced images,
the slices with few artifacts and little tumor necrosis were
selected on each IVIM image, and the ROI was delineated
within the largest solid component of the tumor, avoiding
hemorrhage, necrosis, and cystic lesions. The measurements
were repeated three times to obtain the mean values of
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D, D* and f of the lesion. All ROIs were delineated by
one person. The three-dimensional (3D) ROIs were
automatically generated by the software, the texture
features of each lesion were calculated using the software,
and the histogram data of each lesion were converted to
the corresponding frequency distribution table and then
imported into SPSS for analysis. Finally, for each of D, D*,
and f, 13 histogram parameters were derived from the IVIM
images of the lesions: the minimum value, median, mean,
maximum value, kurtosis, entropy, energy, 90th percentile
(P90), 10th percentile (P10), standard deviation, uniformity,
skewness, and maximum diameter.

Statistical analysis

The measured data were analyzed with SPSS 19.0. The
normality was analyzed using the Kolmogorov-Smirnov
test. Data with a normal distribution are expressed as mean
+ standard deviation, and data with a skewed distribution
are expressed as median (upper and lower quartiles). The
differences in histogram parameters of D, D*, and f between
the three groups were tested using the Kruskal-Wallis H
test. According to the diagnosis results, a receiver operating
characteristic (ROC) curve was plotted, and the area under
the ROC curves (AUCs) of the histogram parameters
were compared to evaluate their diagnostic efficacies.
The optimal diagnostic threshold for each parameter was
determined from the Youden index. P<0.05 was considered
statistically significant.

Results
Histogram parameters of D

The maximum diameter, maximum value, minimum value,
mean, median, standard deviation, uniformity, skewness,
kurtosis, volume, P10, and P90 of D were significantly
different between the three groups (all P<0.05). The
entropy of D was not significantly different between the
three groups (P>0.05). See Table 1 and Figures 1-4.

Histogram parameters of D*

The minimum value, entropy, volume and P10 of D* were
significantly different between the three groups (all P<0.05).
The maximum value, mean, median, standard deviation,
uniformity, skewness, kurtosis and P90 of D* were not
significantly different between the three groups (all P>0.05).
See Tuble 2 and Figures 1-4.
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Table 1 Histogram parameters of D for liver lesions
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Histogram parameters of D

Hepatic hemangioma

Hepatic cysts

Maximum diameter
Maximum value
Minimum value
Mean

Median

Standard deviation
Uniformity
Skewness
Kurtosis

Entropy

Volume

P10

P90

37.67 (25.87, 62.93)
1.66 (1.40, 1.96)x10°
52.50 (20.66, 77.46)
1.09 (0.98, 1.22)x10°
1.08 (0.97, 1.25)x10°
10.54 (7.22, 14.85)
0.35 (0.28, 0.42)
0.24 (-0.04, 0.63)
3.63 (2.58, 4.44)
1.73 (1.50, 2.06)

48.24 (22.23, 134.15)x1 0’

85.59 (69.53, 98.11)
1.34 (1.19, 1.49)x10

17.18 (12.16, 22.08)
2.40 (1.63, 3.15)x10°
96.91 (77.42, 139.70)
1.89 (1.18, 2.22)x10°
1.86 (1.23, 2.26)x10
20.61 (10.99, 32.57)
0.26 (0.18, 0.41)
-0.21 (-0.62, 0.21)
2.16 (1.83, 2.56)
2.89 (1.48,2.72)

9.63 (4.34, 15.39)x10
135.14 (102.69, 153.58)

0.14 (0.05, 0.30)x10°

Hepatocellular carcinoma xz P
37.42 (25.07, 62.59) 26.742 0.000
1.63 (1.40, 1.95)><102 9.218 0.010
54.25 (20.89, 79.00) 17.162 0.000
1.09 (0.99, 1.25)><102 22.362 0.000
1.09 (0.97, 1.26)><102 22.726 0.000

10.40 (6.71, 14.83) 13.030 0.001
0.36 (0.28, 0.42) 6.342 0.042
0.23 (-0.09, 0.63) 10.474 0.005
3.58 (2.53, 4.01) 20.302 0.000
1.73 (1.48, 2.06) 4.259 0.119

45.95 (19.62, 134.15)><102 26.743 0.000
85.90 (69.63, 99.26) 24.682 0.000
1.36 (1.20, 1.49)><102 21.109 0.000

Histogram parameters of f

The maximum diameter, minimum value, mean, median,
skewness, kurtosis, volume, P10, and P90 of f were
significantly different between the three groups (all P<0.05).
The maximum value, standard deviation, uniformity, and
entropy of f were not significantly different between the
three groups (all P>0.05). See Table 3 and Figures 1-4.

Efficacies of bistogram parameters in differentiating
among HH, HC, and HCC

Efficacies of histogram parameters in differentiating
between HH and HC

In differentiating between HH and HC, the AUCs for D,
D*, and f were 0.64-0.882, 0.612—0.883, and 0.631-0.883,
respectively. The largest AUC for both D* and f was that of
volume (AUC =0.883 for both). When 1,438.802 was used
as the threshold, the sensitivity and specificity of volume for
differentiation between HH and HC were 87.88 and 77.27,
respectively. See Table 4 and Figure 5.

The diagnostic efficacies of histogram parameters in
differentiating between HC and HCC

In differentiating between HC and HCC, the AUC:s for D,
D*, and f were 0.652-0.856, 0.600-0.857, and 0.636-0.857,
respectively. The largest AUCs for D* and f were those
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of volume (AUC =0.883 for both). When 1,438.802 was
used as the cut-off volume, the sensitivity and specificity
for differentiating between HC and HCC were 77.27 and
85.29, respectively. See Tuble 5 and Figure 6.

The diagnostic efficacies of histogram parameters in
differentiating between HH and HCC

In differentiating between HH and HCC, the AUC:s for D,
D*, and f were all less than 0.6, and the clinical diagnosis
accuracies were extremely low (Figure 7).

Discussion

HH and HC are the most common benign liver lesions.
Cavernous hemangioma, the most common HH, is rich in
sinusoids and blood. The water content of the blood exceeds
80%. HC are also rich in water content. Both HH and
HC have a long T1 and a long T2 on MR, it is difficult to
distinguish them by conventional MRI scanning sequence.
HCC is the most common malignancy of the liver. Patients
with typical HCC symptoms can be qualitatively diagnosed
by imaging and clinical evidence. However, it is difficult to
qualitatively diagnose patients who have no specific imaging
features or patients who cannot receive contrast-enhanced
imaging due to adverse reactions to contrast agents.

DWI is effective for the detection and differential
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Figure 1 Multiparametric histogram features based on IVIM-DWI for liver lesions. (A) Histogram of the lesion in patient 1, a 77-year-old

female with pathologically diagnosed hepatocellular carcinoma. (B) Histogram of the lesion in patient 2, a 48-year-old male with clinically

diagnosed hepatic cyst. (C) Histogram of the lesion in patient 3, a 55-year-old female with clinically diagnosed hepatic hemangioma. IVIM,

intravoxel incoherent motion. IVIM-DWTI, intravoxel incoherent motion diffusion-weighted imaging.

diagnosis of liver lesions. It has been widely implemented
in routine clinical MRI programs (10,11). Low-b-value
DWI has a high sensitivity for lesion detection (12,13),
and the ADC is an important parameter reflecting the
characteristics of a lesion. However, due to the influence of
other types of incoherent motion [such as perfusion (14)],
the simple exponential model may not satisfy the need
for further exploration. Le Bihan er a/l. (15) proposed the
concept of IVIM and used the biexponential model, which

© Annals of Translational Medicine. All rights reserved.

can obtain tissue perfusion and diffusion information at the
same time without using contrast agents (14). The water
molecules in the human body are divided into two parts,
one is the water molecules located in the intracellular and
intercellular substance, and the extracellular space, and the
other is the water molecules in the microcirculation. This
assumption is made in this model. The distribution of the
vascular system in the body is random and disordered, and
the water molecules in the blood are also doing relatively
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Figure 2 IVIM-DWI image of HCC. A,B,C,D is the IVIM-DWI sequence DWI fusion image, D pseudo color image, D* pseudo color

image, f pseudo color image. It can be seen that the lesions have different color levels. (A) DWI lesion, (B) true diffusion coefficient D, the

pseudo color image shows the lesion (arrow), (C) the pseudo-diffusion coefficient D*, the pseudo color image shows the lesion (arrow), (D)

the perfusion fraction f, the pseudo color image shows the lesion (arrow). IVIM-DWI, intravoxel incoherent motion diffusion-weighted

imaging; HCC, hepatocellular carcinoma.

random and disorderly movement, but its macroscopic
diffusion rate is usually significantly faster than the
conventional water molecular diffusion, so it is usually
called pseudo random movement, this part of perfusion
can be solved by the familiar diffusion model. Based on
this principle, the IVIM model can separate two different
diffusion components, and its double-e exponent model can
calculate two diffusion coefficients, one is the true diffusion
coefficient D, also called the slow diffusion coefficient,
the true diffusion coefficient of water molecules in tissues
after microcirculation perfusion is removed, representing
the mobility of water molecules in tissues, which depends
on the number of cells, the curvature of the extracellular
space, the integrity of the cell membrane and the viscosity
of the liquid (11,12,16,17); one is the pseudo diffusion
coefficient D*, also known as the fast diffusion coefficient,
which corresponds to the perfusion signal and depends on
the blood flow velocity and the length of the microvessel
segment (14,15); in addition, there is the proportional
coefficient f corresponding to the fast diffusion, that is, the

© Annals of Translational Medicine. All rights reserved.

perfusion fraction, which reflects the relative contribution
of the microvascular blood flow to the DWT signal (18).
Histogram analysis based on pixel distribution is a new
technology for analyzing parameter mapping. It predicts the
mean signal of the ROI, the number of pixels, and the range
of interpixel signal variation by analyzing the signal values in
the entire lesion, thereby providing quantitative information
on tumor heterogeneity (19). Contrast-enhanced scanning
is of great significance for the differential diagnosis of HH,
HC, and HCC. However, some patients are not suitable for
contrast-enhanced scanning due to certain kidney diseases
and allergies. This study aims to clarify the application value
of histogram parameters in the differential diagnosis of HH,
HC, and HCC and to provide a reference for diagnosis of
patients who have contraindications for contrast-enhanced
scans.

Few studies have used the IVIM histogram to analyze
liver lesions. Li et /. (20) investigated the value of
histogram analysis of IVIM based on whole-tumor volume
in the prediction of microvascular invasion (MVI) in single

Ann Transl Med 2020;8(18):1128 | http://dx.doi.org/10.21037/atm-20-5109
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Figure 3 IVIM-DWI image of HC. A,B,C,D is the IVIM-DWI sequence DWI fusion image, D pseudo color image, D* pseudo color
image, f pseudo color image. It can be seen that the lesions have different color levels. (A) DWI lesion, (B) true diffusion coefficient D, the
pseudo color image shows the lesion (arrow), (C) the pseudo-diffusion coefficient D*, the pseudo color image shows the lesion (arrow), (D)
the perfusion fraction f, the pseudo color image shows the lesion (arrow). IVIM-DWI, intravoxel incoherent motion diffusion-weighted

imaging; HC, hepatic cysts.

Figure 4 IVIM-DWI image of HH. A,B,C,D is the IVIM-DWI sequence DWI fusion image, D pseudo color image, D* pseudo color
image, f pseudo color image. It can be seen that the lesions have different color levels. (A) DWI lesion, (B) true diffusion coefficient D, the
pseudo color image shows the lesion (arrow), (C) the pseudo-diffusion coefficient D*, the pseudo color image shows the lesion (arrow), (D)
the perfusion fraction f, the pseudo color image shows the lesion (arrow). IVIM-DWI, intravoxel incoherent motion diffusion-weighted
imaging; HH, hepatic hemangioma.
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Table 2 Histogram parameters of D* for liver lesions
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Histogram parameters of D* Hepatic hemangioma Hepatic cysts Hepatocellular carcinoma xz P
Maximum diameter 37.67 (25.87, 62.93) 17.18 (12.16, 22.08) 37.42 (25.07, 62.59) 26.742 0.000
Maximum value 47.49 (37.68, 57.31)><102 36.68 (28.51, 55.31)><102 47.22 (38.26, 56.79)x102 3.570 0.168
Minimum value 0.00 (0.00, 0.15)><10_2 0.01 (0.00, 526.56) 0.00 (0.00, 0.20)><10_2 12.880 0.002
Mean 10.15 (6.73, 11.47)x102 13.33 (5.54, 17.52)><102 10.17 (6.85, 11.73)><102 4.648 0.098
Median 8.34 (78.67, 10.44)x102 11.84 (2.71, 16.17)><102 8.34 (1.18, 10.63)x102 4.780 0.092
Standard deviation 4.77 (3.10, 7.03)x10° 3.54 (2.86, 5.98)x10° 4.76 (2.94, 6.92)x10° 1.033 0.597
Uniformity 0.16 (0.05, 0.34) 0.23 (0.15, 0.39) 0.17 (0.05, 0.36) 2.222 0.329
Skewness 1.33(0.86, 1.90) 0.87 (0.07, 1.87) 1.32 (0.78, 1.90) 3.009 0.222
Kurtosis 5.20 (3.73, 8.87) 4.20 (1.90, 5.51) 5.13 (3.52, 8.73) 5.791 0.055
Entropy 3.78 (2.88, 5.01) 2.41 (1.76, 3.50) 3.73 (2.84, 4.98) 15.778 0.000
Volume 48.24 (22.22, 134.15)><102 9.63 (4.34, 15.39)><102 45.95 (19.62, 134.15)><102 26.939 0.000
P10 0.30 (0.00, 880.85)><10_2 71.85 (0.00, 722.01) 0.40 (0.00, 2,281 .33)><10_2 6.164 0.046
P90 21.09 (17.21, 26.33)><102 27.67 (13.79, 31 .06)><1O2 21.33(17.28, 26.49)><102 3.105 0.212
Table 3 Histogram parameters of f for liver lesions

Histogram parameters of f Hepatic hemangioma Hepatic cysts Hepatocellular carcinoma xz P
Maximum diameter 37.67 (25.87, 62.93) 17.18 (12.16, 22.08) 37.42 (25.07, 62.59) 26.742 0.000
Maximum value 46.05 (33.63, 59.56) 44.87 (36.63, 59.59) 45.24 (32.07, 58.82) 0.057 0.972
Minimum value 0.00 (0.00, 6.43) 9.89 (0.00, 25.58) 0.05 (0.00, 6.83) 11.135 0.004
Mean 15.65 (11.60, 21.81) 25.90 (15.72, 43.34) 15.78 (11.63, 22.79) 10.658 0.005
Median 14.96 (9.74, 22.43) 26.03 (15.26, 44.19) 15.06 (9.95, 23.57) 10.176 0.006
Standard deviation 4.60 (3.90, 5.55) 6.19 (3.66, 7.46) 4.56 (3.79, 5.53) 2.048 0.359
Uniformity 0.79 (0.60, 0.88) 0.57 (0.50, 0.83) 0.79 (0.61, 0.88) 4.075 0.130
Skewness 0.73 (0.12, 1.35) 0.10 (-0.21, 0.37) 0.66 (0.09, 1.35) 7.440 0.024
Kurtosis 3.66 (2.38, 5.32) 2.22 (1.85,2.79) 3.52 (2.35, 5.28) 12.238 0.002
Entropy 0.55 (0.34, 0.92) 0.90 (0.41, 1.09) 0.54 (0.30, 0.91) 3.528 0.172
Volume 48.24 (22.23, 134.15)><102 9.63 (4.34, 15.39)><102 45.95 (19.62, 134.15)><102 26.743 0.000
P10 5.47 (0.11,12.14) 13.66 (4.53, 29.78) 6.07 (0.17,12.78) 9.519 0.009
P90 26.18 (22.26, 25.46) 36.89 (30.34, 55.76) 26.29 (22.40, 35.31) 10.338 0.006

HCC. They found that histogram analysis of IVIM based
on whole-tumor volume could be applied in the prediction
of MVI and that the 5th percentile of D was most useful
to predict MVI in HCC. Zheng er al. (21) believed that
traditional DWI had limited worth in the quantitative
evaluation of liver fibrosis and that whole-liver ADC

© Annals of Translational Medicine. All rights reserved.

histogram analysis could be helpful for the diagnosis and
staging of liver fibrosis. They found that kurtosis, entropy,
skewness, mode, and the 90th and 75th percentiles of ADC
may be helpful for the diagnosis and staging of liver fibrosis
and that among these parameters, kurtosis was the most
useful.
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Table 4 Diagnostic efficacies of histogram parameters for differentiation between hepatic hemangioma and hepatic cysts

Histogram parameters AUC Sensitivity Specificity Cut-off

Histogram parameters of D

Maximum diameter 0.882 81.82 86.36 >24.766
Maximum value 0.715 81.82 68.18 <206.047
Minimum value 0.802 81.82 77.27 <79.239
Mean 0.839 93.94 72.73 <146.059
Median 0.842 93.94 72.73 <136.947
Standard deviation 0.762 78.79 72.73 <22.008
Uniformity 0.674 87.88 54.55 >0.261
Skewness 0.733 78.79 63.64 >-0.101
Kurtosis 0.833 78.79 81.82 >2.569
Entropy 0.641 90.91 45.45 <2.345
Volume 0.882 87.88 77.27 >1,438.802
P10 0.857 96.97 68.18 <123.978
P90 0.828 84.85 77.27 <151.882

Histogram parameters of D*

Maximum diameter 0.882 81.82 86.36 >24.766
Maximum value 0.640 78.79 54.55 >3,706.826
Minimum value 0.732 96.97 54.55 <0.006
Mean 0.658 87.88 59.09 <1,259.519
Median 0.663 87.88 54.55 <1,158.326
Uniformity 0.612 51.52 77.27 <0.161
Skewness 0.631 96.97 40.91 >0.147
Kurtosis 0.679 93.94 45.45 >2.764
Entropy 0.792 90.91 63.64 >2.550
Volume 0.883 87.88 77.27 >1,438.802
P10 0.677 84.85 50.00 <122.294
P90 0.627 87.88 50.00 <2,771.974

Histogram parameters of f

Maximum diameter 0.882 81.82 86.36 >24.766
Minimum value 0.731 90.91 54.55 <8.220
Mean 0.736 75.76 68.18 <21.402
Median 0.731 87.88 54.55 <25.246
Standard deviation 0.667 84.85 54.55 <8.190
Uniformity 0.641 78.79 54.55 >0.570
Skewness 0.702 66.67 72.73 >0.313
Table 4 (continued)
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Table 4 (continued)

Histogram parameters AUC Sensitivity Specificity Cut-off
Kurtosis 0.759 100.00 45.45 >1.975
Entropy 0.631 84.85 45.45 <0.963
Volume 0.883 87.88 77.27 >1,438.802
P10 0.723 93.94 45.45 <19.209
P90 0.729 57.58 81.82 <28.160

AUC, area under the ROC curve.
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Figure 5 ROC curves of histogram parameters in differentiating between hepatic hemangioma and hepatic cysts. (A) ROC curves for

histogram parameters of D. (B) ROC curves for histogram parameters of D*. (C) ROC curves for histogram parameters of f. ROC, receiver

operating characteristic.

In this study, we found that histogram parameters can
help differentiate between HH, HC, and HCC. The
histogram features of the image are the one-dimensional
statistics reflecting the distribution of gray values. According
to IVIM theory, D is a parameter that simply reflects the
diffusive motion of water molecules, that is, the dispersion
of water molecules in tissues. D mainly depends on the
cell density and extracellular matrix components in tissues
and is negatively correlated with the nucleocytoplasmic
ratio in tissues. Therefore, the higher the cell density is,
the higher the nucleocytoplasmic ratio and the smaller the
extracellular space are, so the more limited the diffusion
of water molecules will be (22-25), and the smaller the D
value is. Studies on benign and malignant nodules of the
lung, liver cancer, prostate cancer, and breast cancer (22-26)
found that the D values of tumors with high malignancy
were significantly lower than those of benign lesions and
normal surrounding tissues. This study showed that the
maximum value, minimum value, and standard deviation

© Annals of Translational Medicine. All rights reserved.

of D in HCC were smaller than those of HH and HC,
which to some extent indicates that the water molecule
diffusion was more restricted in hepatic malignancies than
in benign liver lesions. The mean, median, uniformity,
entropy, and P10 of D in HCC were close to or equal to
those of HH, which may be related to the presence of some
atypical hemangiomas. Histology showed that the unfilled
gaps and internal septa in the center of giant HHs were
cystic degeneration, liquefaction, or fibrous tissue (27,28),
and mucoid degeneration, bleeding, and necrosis were
sometimes seen. In addition, some hemangiomas may have a
fluid-liquid level (29), which is a common sign in malignant
liver lesions, to some extent making the differentiation
between HH and HCC difficult.

The D* value is positively proportional to the average
blood flow velocity and the average capillary segment
length, indicating that D* can reflect the vascular and
microcirculatory perfusion of the tumor. The higher the
D*, the higher the microcirculatory perfusion in the tissue
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Table 5 Diagnostic efficacies of histogram parameters in differentiating between hepatic cysts and hepatocellular carcinoma

Histogram parameters AUC Sensitivity Specificity Cut-off

Histogram parameters of D

Maximum diameter 0.856 86.36 79.41 <24.766
Maximum value 0.718 68.18 82.35 >206.047
Minimum value 0.789 77.27 79.41 >79.239
Mean 0.836 72.73 94.12 >146.059
Median 0.838 72.73 94.12 >136.947
Standard deviation 0.769 72.73 79.41 >22.008
Uniformity 0.684 54.55 88.24 <0.261
Skewness 0.728 63.64 76.47 <-0.101
Kurtosis 0.809 81.82 76.47 <2.569
Entropy 0.652 45.45 91.18 >2.345
Volume 0.856 77.27 85.29 <1,438.802
P10 0.852 68.18 97.06 >124.142
P90 0.828 77.27 85.29 >151.882

Histogram parameters of D*

Maximum diameter 0.856 86.36 79.41 <24.766
Maximum value 0.628 54.55 76.47 <3,706.826
Minimum value 0.725 54.55 94.12 >0.006
Mean 0.648 59.09 85.29 >1,259.519
Median 0.648 54.55 85.29 >1,158.326
Uniformity 0.600 77.27 50.00 >0.161
Skewness 0.615 40.91 94.12 <0.147
Kurtosis 0.663 45.45 91.18 <2.764
Entropy 0.774 63.64 88.24 <2.550
Volume 0.857 77.27 85.29 <1,438.802
P10 0.670 45.45 88.24 >355.344
P90 0.624 50.00 88.24 >2,771.974

Histogram parameters of f

Maximum diameter 0.856 86.36 79.41 <24.766
Minimum value 0.722 54.55 88.24 >8.220
Mean 0.730 68.18 73.53 >21.402
Median 0.723 54.55 85.29 >25.246
Standard deviation 0.671 54.55 85.29 >8.190
Uniformity 0.715 54.55 79.41 <0.570
Skewness 0.686 81.82 55.88 <0.388

Table 5 (continued)
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Table 5 (continued)
Histogram parameters AUC Sensitivity Specificity Cut-off
Kurtosis 0.739 45.45 97.06 <1.975
Entropy 0.636 45.45 85.29 >0.963
Volume 0.857 77.27 85.29 <1,438.802
P10 0.715 45.45 94.12 >19.209
P90 0.730 77.27 61.76 >30.437
AUC, area under the ROC curve.
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Figure 6 ROC curves of histogram parameters in differentiating between hepatic cysts and hepatocellular carcinoma. (A) ROC curves for
histogram parameters of D. (B) ROC curves for histogram parameters of D*. (C) ROC curves for histogram parameters of f. ROC, receiver

operating characteristic.
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Figure 7 ROC curves of histogram parameters in differentiating between hepatic hemangioma and hepatocellular carcinoma. (A) ROC

curves for histogram parameters of D. (B) ROC curves for histogram parameters of D*. (C) ROC curves for histogram parameters of f.

ROC, receiver operating characteristic.
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(30,31). Like D*, f is a perfusion-related parameter. The f
value reflects the microvessel density and to some extent
the rate of microangiogenesis (31). Ichikawa er al. (32)
compared benign and malignant focal liver lesions using
IVIM-DWI. The results showed that the D and D* values
of the malignant group were significantly lower than
those of the benign group and that the f values were not
significantly different between the two groups. Luo et 4l. (33)
found that ADC, D, and f in the malignant group were
significantly lower than those in the benign group and that
among the three parameters, D had the highest efficacy
in differentiating between benign and malignant lesions,
whereas, D* was not significantly different between the
two groups. In the present study, the maximum diameter,
minimum value, entropy, volume and P10 of D* were
significantly different between the three groups (P<0.05);
the maximum diameter, minimum value, mean, median,
skewness, kurtosis, volume and P90 of f were significantly
different between the three groups (P<0.05); and the volume
of D* and the volume of f had high diagnostic efficacy in
differentiating between HH and HC and between HC
and HCC.

D* and f are controversial in the differential diagnosis
of liver lesions. The controversy might be related to
differences in the lesion type, the sample size, the b value
used for scanning, and the blood supply of tumors of
different types. Hence, the diagnostic values of D* and f
need to be further studied. In addition, the measurement
of f largely depends on the MRI scanning scheme and the
relevant parameters of the magnetic field—different TEs
and T2 relaxation times can lead to different f values (34).
Therefore, it is necessary to scientifically standardize the
settings of TE and T2 for scanning.

Entropy refers to the statistical measure of the
irregularity in the histogram, which describes the changes
in the parameter distribution in the ROI and can reflect the
complexity of the internal signal of the tumor to a certain
extent. The greater the entropy, the more uneven the tumor
signal. The entropy values of D* were significantly different
between the three groups. The entropy values were highest
for HH, followed by HCC and then by HC, indicating that
HH has greater heterogeneity than HC and HCC. This
may be related to the types of hemangioma included in
this study. Maximum diameter was significantly different
between the three groups (P<0.05), and the maximum
diameter of HH was largest. Its large maximum diameter
might have increased the heterogeneity of HH to some
extent and given it a high entropy.
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Percentiles can reflect the voxels that underlie histograms (35)
and quantify the internal heterogeneity of tumors. In the
present study, P10 and P90 of D and f were significantly
different between the three groups (P<0.05), indicating that
the voxel values were significantly different between the
three types of hepatic lesions. Therefore, P10 and P90 of D
and f are useful in differential diagnosis.

This study has some inadequacies: (I) it was a
retrospective analysis that assumed that MRI acquisition,
processing, and analysis were performed under the same
conditions. (I) The small sample size of the three types of
liver lesions may have led to biased results, which may also
be the reason why some characteristic histogram parameters
had poor clinical diagnostic efficacies for the three types
of liver lesions. (III) Only three types of liver lesions were
studied, and the interobserver reliability was not analyzed
but needs further in-depth study.

In summary, the IVIM-DWI MRI histogram can reflect
the signal distribution inside the HH, HC, and HCC
and can provide more information for the differentiation
between the three. Some of the histogram parameters of
D, D*, and f have high diagnostic values. Among them, the
AUG:s of the volume of D" and the volume of f were the
largest. Therefore, the volume of D" and volume of f had
better diagnostic efficacy than other histogram parameters
and could provide valuable reference information for
clinical differential diagnosis.
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